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PREFACE 


• The appearance of yet another textbook on Momentary Elec¬ 
tricity and Magnctisdi may seem to call for some justification. 
It is not that all the others are bad—some are very good in 
their own particular way—but jbheir wav is different from 
that of the present |>ook. Too much the existing boyks have 
followed the traditional method, in thf beginning there is on 
the one hand an ebonite rod and a. piece #f flannel, and on 
the other hand a permanent magnrt, then there is the inverse 


square law and the earth’s magnetic field and the tangent 
galvanometer, # 


We have started with an electric current, have gone on to 


electric charges and fields, proceeded to the magnetic cfTeets of 


currents and magnetic fields, and finished with the*chemical 
effects. Throughout sinee tlig alternating current is fast 
becoming used far more than the direct current, we have 


studied alternating currents as well as direct currents. 


think there is no difficulty in doing this; the advantages are 
obvious. The ebonite rod and the permanent magnet arc 
relegated to their proper place. We have avoided the idea 
of a charge of magnetism, a stumbling block to many. The 


basis of electro-magnetism is experimental; the field pro¬ 
duced by a current and the c.m.f. produced by the relative 
motion of a conductor and a field are i lie slarting poipts. 

In this way that part of the subject which is essential in all 
applications in Electrical Engineering and in Telecommunica¬ 
tions is reached much earlier than by the old method. 

This is of the utmost importance to evening students 
proceeding % to National Certificates, and City and (Judds 
Examinations. It can*in fact be stated that the book contains 
the minimum foundations of the pure science of the subject 
required for the building of a proper understanding of Electrical 
Engineering and Telecommunications. We think that the 
motJhod should also be used by all other students, whatever 
their objective. If a more academic study is required, it &Juld 
very w(il follow the treatment in the book. 
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PREFACE 


It would be lacking in courtesy not to mentidn the names of 
Dr. F. T. Chapfn an, POLL, and Professor C. *L. Fortescue, 
of the City and Guilds (Eng.) Colllgc, wlio have on many 
occasions to one or other of the authors expressed their dis¬ 
satisfaction with the old method and envisaged something of 
the method now presented. Hqw far our ideas are based on 
these discussions it is impossible to say; we feel they should • 
in justice be mentioned in connection v with any merit that 
may be found in the book; but also in justice we feel that 
they must not in any way be held responsible for any 
deficiencies. # 

We also wish to tfiank the Technical Editor of Sir Isaac 
Pitman & Sons,"Ltd., and his assistant, for their unfailing 
courtesy and great care af«d skill in correcting the proofs of 
the book, and for making many helpful suggestions. 

' E. M. 

T. B. V. 


NOTE TO STUDENTS 


Those studonts # who have no previous knowledge of the subject 
might well omit certain parts of the book at a first reading. It is 
suggested that- they should read— 

Chap. I, paras. I, 2, 2, 4, 0 and 7, omitting the paragraph on 
p. 10, beginning ‘‘The energy” and ending “ - nr,” 8, 9,10,11, 
13, 15, 10 from p. 28, middle of page, beginning at “These have 
foui 1 terminals”—to Vnd of paragraph. 

Chap. II, paras. 1, 2, 7, 8, to p. 08 ending at . . . “charge 
would move.” , 

Chap. Jill, paras, 1, 2 to p. 84, ending at “. . . of the lines 
of flux.” 3, 5, down to “. . . lines per cm 2 .” p. 95 and on p. 95 
first para, only, 7,8. , J 

Chap. IV, paras. 1, 2 to p. 118 ending at “capita! lambda.” 
Chap. V. 

Then read from the beginning straight through. 
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FOUNDATIONS OF 
TECHNICAL ELECTRICITY 

CHAPTER I 

ELECTRIC CURRENTS 

1. Conductors and Insulators. Everyone knows something of 
the three uses of electricity, in electro-plating, in electric fires, 
and in electric motors. In these, in order, are used the three 
main effects of an electric current, that is, the chemical effect, 
the heating effect, and the magnetic effect. Other uses of these 
effects are— * 

Chemical Effect. ‘Plating. w 

Primary cells. 

Secondary ceUs (accumulators). 

Quantity meters (electrolytic). 

Heating Effect. Electric fires. 

Electric irons. 

Electric furnaces. 

Electric lamps. 

Magnetic Effect. Motors. 

Dynamos anH alternators. 1 

Lifting* magnets. 

Telephones, receivers, and l6Vid speakers. 

Bells. 

In all of i&ese cases the electricity is in motion, and electricity 
in motion is called an ‘electric current. 

Electricity at rest was kno\Vn to the ancients. It was known 
th^t amber and jet when rubbed would attract light bodies, 
and that this attraction was due to electricity being produced 
in the amber or jet by the rubbing. But it wak not until the 
beginning of the nineteenth 'century that electric currents 
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wore produced by chemical action, and not ufltil the middle 
of the nineteentlf century that electric curregits were produced 
by magnetic action. * 

^It is also a matter of common knowledge that in order that 
an electric # eurrer 1 1 may flow there must be a complete circuit. 
A lamp does not light until a switch is closed. 

/ The switch is a device by which a gap in the electric wiring 
'may be bridged metallically or lejt open at will. There Are 
two terminals from the electric supply, and the electric current 
may be regarded as coming from one terminal, flowing round 
the circuit provided (the circuit in this c%se including a lamp) 
and returning to the either terminal. The current is conveyed 
by wires, which alte accordingly called conductors of electricity, 
and is prevented from leaving the wires by the insulation, as 
the covering on the wires is called. The material of which 
the insulation is made does not allow,an electric current to 
flow through it; it is a non-conductor of electricity. 

The distinction between conductors and non-conductors or 
insulator .s' is not, however, absolute. All materials conduct 
electricity to souk; extent, I tut metals # conduct enormously 
better than rubber or porcelain or ebonite, so that the former 
arc commonly called conductors and the latter insulators. All 
conductors are not equally good. A list of conductors (and 
insulators) in osder of merit is given below. The figures in 
the second column against each are proportional to their 
ability to conduct; the figures in the first column are the 
reciprocals of these figures and are proportional to their 
inability to conduct. This inability to conduct is known as 
the resis^iviti/ of the nmteri^l. 

It is seen that the ratio of the conducting figure for copper 
to that for ^ebonite is/>*02 x 10 5 o X 10 -16 --- 1*12 x 1() 21 ; 
that is, copper is over a thousand milfion million million times 
better a conductor than ebonite; to all intents and purposes 
ebonite does not conduofc at all. • • 

2. Electrolysis. In all these eases the»current flSws through 
the conductor without any clieipical action taking place. Some 
liquids, swch as paralfi/i oil’ # are nearly completely non¬ 
conductors, i.e. almost perfect insurers, but solutions of 
certain salts gmdncids coflduct electricity quite readily, and 
the How of the electricity is acQompanied by a chemical action. 
Suppose, for instance, that electricity is caused to flow through 
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a bath of cdpj^r sulphate by inserting into the bath two plates 
of platinum, separated from each other, an<2 connectedl to a 
suitable electric supply, will be found that a film of copper * 
is deposited on one plate and bubbles of oxygen are liberation 
at the other. The copper sulphate has been spljt up into 
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f ' “ ‘ ‘ 

1 Resistivity 

Conduct ivity 


1 Olims per cpi. cube 

Mhos per cm. eulx 

Silver 

) 

HMi a 10 6 

(5-03 \ I0 5 

Copper 

! 1-7S x 10 11 

.">■(12 x I0 5 

I lull 1 

• 2-12 x 10 6 

1-14 x 10 s 

Aluminium 

! 3-21 X 10 " 1 

3-J2 < 10 5 

Tungsten . 

n 0 v 10 " i 

2-00 X 10 5 

Zinc 

• 01 X 10 f - 

1(51 x 10 s 

Brass 

<}•(> x in '■ 

1-52 X I0 r * 

Platinum . 

ll-U x 10 t 

0-10 x 1(0 

Tin .... 

1 1-3 A 10 « 

s-sr> x in 4 

Nickel 

IIS i I0« 

S-4S x 10' 

Trun . . . ' 

i:i n x Vo 11 

7-20 x 10* 

Steel 

10 0 x lo -« 

r»-o:i x no 

Herman silver . 

10-40 < 10 '* 

0-2 2 -r» x no 

Platinoid . 

:u-4 x lo '* 1 

2-01 x HO 

Manganic . 

41-0 x 10 '■ i 

2-2H x 10* 

(las carbon 

o-oor» ; 

2ho 

Silicon 

0-0(5 

1(1-7 

CuUa-peiclia 

2 x lo» : 

5 a 10 "* 

Cl lass (soda-lunc) 

X 10“ 

2 X JO 

Ebonite 

2 X 10 1 * 1 

.7 X 10 10 

Porcelain . 

2 V 10 1 * ! 

r» x lo->« 

Sulphur 

-I X lo 15 

2o x m 1,1 

SI iea 

0 X 10 15 | 

1-1 X 10 16 

Parailui wax . . i 

3 A I0 IS i 

3-3 X 10 19 


ions of Cu Hind S0 4 , and these ions are caused tb travel in 
opposite dilutions; tne Cu ion is deposited on one platinum 
plate, which is called the cathode, and the S() 4 ion at the other 
platinum plate, called the anode , combines with water and 
liberates oxygen. This phenomenon is known as electrolysis. 
and the liquid as the electrolyte. The apparatus used for the 
experiment, i.e. the vessel containing the electiolytc anti the 
plates, *is known as a voltameter. If the connections to the 
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terminals of the supply are reversed, the plates at which the 
copper and the Oxygen appear are also reversed. * If the current 
has been flowing for some time before the !*eversal of connec¬ 
tions takes place, so that copper has been deposited on one 
plate, th^ copper will gradually disappear as copper is 
deposited on the other plate. The copper has combined with 
the S0 4 ions to form copper sulphate again. The chemical* 
action has been reversed by the reversal of connections.* If 
the reversal of coimections takes place continuously and 
rapidly no chemical action \pill be apparent. 

3. Supply. This brings us to a consideration of the supply. 
Some sources of electricity or “supplies” cause the electric 
current to flow in- the same direction all the time. These are 
called direct current (d.c.) sources; examples arc the dynamo, 
the wet or dry cell, and the accumulator. Other sources cause 
the olcctric current to flow first iff on^ direction and then,in 
the other, the change-over occurring many times a second. 
These are called alternating current (a.c.) sources; the chief 
example *is the alternator. 

Electrolysis will be apparent with a direct-current supply 
only. With an alternating current supply the effect is exactly 
the same as with a direct current supply of which the connec¬ 
tions to the terminals are continuously reversed, i.e. the effect 
is nil. r 

The two terminals of a direct current supply are known as 
the positive (+) and the negative (—) respectively and are 
frequently marked accordingly. In the electrolysis of copper 
sulphate considered above, the oxygen appears at the plate 
connected to the positive terminal and the copper at the plate 
connected to the negative terminal. Electricity is looked upon 
as flowing from the positive terminal through the electrolyte 
to the negative terminal; and the* copper moves with the 
electric current. This is always true in electrolysis; the metal 
moves with the current # / 

4. Quantity and Current. The weight of eop£br deposited 
on the cat !j ode depends upon the quantity of electricity passed 
through the electrolyte the 6wo are in fact directly propor¬ 
tional to each other. If twice the quantity of electricity fl»ows, 
twice the weighty!' coppetf will be deposited, and so on. The 
quflfftity of electricity that has passed may in consequence 
be measured by the weight o i copper that has been deposited. ( 
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The practical uilit of quantity of electricity is the coulomb , and 
this quantity causes 0*0003295 grams of copper4o be deposited. 
If the electric curfent i# steady or unchanged dyring any 
■interval of time, its strength may be determined by dividing, 
the total quantity that flows by the time; in the same way 
that the velocity of a body which has moved uniformly is 
•determined by dividing the total distance covered by the time 
taRen. The unit in which current strength would be measured 
is therefore the coulomb pel second , but for convenience this 
unit is called an ampere instead of a coulomb per second. If 
a steady current flows through an electrolyte and x grams of 
copper are deposited in t seconds, the current strength is 


x 

0-00032951 


amperes 


In this way, by weighing the cathode before a current flows 
and after it has been flowing for a certain time, the current 
strength in a d.c. circuit may be measured. 

Another unit of quantity of electricity in common fise is the 
ampere-hour, i.e. the quantity which has flowed when a current 
of one ampere flows for one hour. Evidently, since an ampere 
is a coulomb per second, one ampere-hour is equal to 3 600 
coulombs. 

If the current’ strength in amperes is denoted by I, the 
quantity in coulombs by Q, the time in seconds by t, and the 
weight of copper deposited in grams by W , then the above 
relationships may be expressed algebraically by 


Q = It or / == QIU 
and W — zQ 9 = zTt 


where z is a constant — 0 f 0003295 in the*case of thff electrolysis 
of copper sulphate. 

5. Electrochemical Equivalent. The constant z, Chat is, the 
weight of mfttal deposited by one coulomb, depends upon the 
electrolyte. If a solution of silver nitrate is the electrolyte, 
z is 0*0011183 grams per coulofnb, tl^e metal deposited being, 
of course, silver; if it is zinc* sulphate, 0^00033698 grams of 
zinc is deposited by one coulomb. • The constant z is known 
as the electrochemical equivalent of the ion; it i£ measured in 
grams per coulomb. 
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Although pure water is almost a non-conductor, of elec¬ 
tricity, a very (Small amount of acid or salt fn solution will 
make it conduct quite readily, and- the electrolysis of water 
is easily achieved. The most interesting form of voltameter 
is shown in Fig. 1. • 

The apparatus is filled with water slightly acidulated with, 

say, sulphuric acid (H 2 S0 4 ). The 
platinum electrodes are near uhe 
bottom <Sf the side tubes; the centre 
tube serves to fill the apparatus, the 
taps at the tops of the side tubes 
being opened to allow the air to 
escape. If the electrodes are con¬ 
nected as shown, the right-hand one 
to the positive terminal of a suitable 
d.c. supply and the left-hand one to 
the negative terminal, it will be found 
that gas is liberated at each electrode 
and bubbles up the side tubes to 
collect at the tops and force the 
electrolyte down the tubes and up 
the centre tube. It will further be 
observed that the volume of gas 
II which collects in the left-hand tube 

from the cathode is exactly twice 
1% the volume of gas which collects in 

T c "l~ the right-hand tube from the anode, 
and if the gases are allowed to escape 
by opening the taps and the usual 
Kin. i.’ Elkctuoi.ysis chemical tests are applied, it will be 
of Watkr found that the gas in the left-hand 

x 1 tube is hydrogen, and that in the 

right-hand tube is oxygen. 

The current moves the hydrogen ions 2H to theNeft and the 
sulphion S0 4 to the right ; at the anpde the slilphion S0 4 
combines with water H 2 0 to reform sulphuric acid H 2 S0 4 and 
displace oxygen O. Thuij the volume of hydrogen liberated is 
twice that of oxygen, and the amount of sulphuric acid remains 
unchanged; it is actually the water that has been decomposed 
by the electric current. 

The weights of the hydrogen and oxygen liberated* are, as 
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in the ease* of *metals, proportional to their electrochemical 
equivalents. * • 

6. Potential Difference. When anything is set i» motion a 
force must have been exerted. Nothing starts to move unless 
it is pushed. The push may be the force due to gravity, as 
( in the case of water falling from a height or flowing in a river, 
or a vehicle rolling downhill, or the force due to the engine of 
a motor-car which drives ^ho car uphill against gravity and 
friction, or the suction exerted by a fan which circulates air, 
and so on. In the same 
way electricity does ljot flow 
unless it is pushed. 

The flow of electricity in a 
circuit is in many ways 
similar to the flow of water 
in a pipe. Imagine (Fig. 2) a 
large tank of water at a 
height above the earth and 
imagine a pipe connected to 
the bottom of the tajik and 
reaching a second tank on 
the ground. Water will flow 
through the pipe from the 
first tank to the second tank. 

It is pushed through the pipe 
by the force due to gravity, Fm. 2. Watjsr Analogy 
and the strength of the push 

is proportional to the vertical distance between this tanks. 
Another way of stating the same thing v that the wafcer flows 
because of the difference of jvater pressure between tho ends 
of the pipe, and that this difference of p/essure exists because 
of the difference of the potential energies of the water in the 
two tanks. Whenever this pressure difference or potential 
energy difference exists, a flow of water will take "place if a 
suitable charfiiel is provided. 

In order that the flow may by continuous irrespective of the 
size of the tanks, a pump must be provided to raise the water 
frorff the lower to the upper tank. • 

In a similar manner electricity will flow through an electric 
circuit if a difference of electrical pressure, or as it is more 
» commpifly called, a # potential difference , is lpaintained between 

a—(T.*9) * “ " ‘ 
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the terminals of the circuit. The electrical pot&nti&l difference 
corresponds with the water pressure, the glect&city with the 
water and the electric current witft the water current, the 
terminals of the electric supply with the water tanks, and the 
machinery at the generating station or the accumulator or 
primary (Hill with the pump. The electric counterparts of the 
tanks are, however, generally very small; so small that in 
effect there is no accumulation of electricity at the terminals 
as there is of water in the tanks; flic water pipe is continuous 
instead of being terminated by tanks. 

In tlj|i same way that the water flov^s from a point at a 
high pressure to one .‘ft a lower pressure, so electricity is to be 
looked upon as Hawing from a point at a high potential to one 
at a low'er potential. The potential difference between one 
point and another is positive if electricity flows from the first 
to the second. * , 

The electrical potential difference (very often abbreviated 
to p.d.) is measured in rolls (abbreviation, V.). 

If the pipe is horizontal gravity plays no part, and the water 
is fnovod by the pressure difference at,its ends. The work 
done in moving the water is the force multiplied by the distance 
moved through. If the pressure difference is p, the oross- 
scetional area of the pipe is a, and the length of the pipe is l, 
the force is pa, flic distance moved through is l, and the work 
done is pr/Z. But al is the quantity of water moved, and p is 
the pressure difference against which it is moved. Hence 

( Pressure 
/ different 
. * . . 

{Similarly in the electrical case t 

j Work ? _ _ j Potential 
} done ) ~ (difference 


tWorkJ 
J donef 


X 


S Quantity of / 
l water moved ? 


X 


j • Quantity of ( 
edf 


(electricity move* 


or, in an equation of units, « •* 

C 

joules — volts X coulombs 

where joules, volts and coulombs are the units of work, p.d 
and quantity in order. (The common, abbreviations for jfftile 
and coulomb, am j. and *0.) Thus the potential difference 
between two points of a circuit is the work done per coulomb 
moved from one p 9 int to the other. Also, the volt lngiy be 
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defined as thc% existing between two points when one joule, 
is required to ltiove one coulomb from one poini to the oilier. 

The joule is a mTit of ifiechanical work and is eiyial to lo 7 
ergs or roughly to the work done in lifting a weight of out* 
pound u height of!) iuclfe-q 

The rate of doing work or the work done, pur seeond is called 
* the jtourer, and since 

work I - p.d. ;' quantity, 

power work per see. p.d. X quantity per sec. 

- p.d. X current # 

The rate of working of one joule per second is called a wft 
(abbreviation, \V.), and as has been seen b< litre, a coulomb per 
seeond is called an am pen* (abbreviation. A.), so that corre¬ 
sponding to th'* (units) \\or|$ equation 

joules - volts X coulombs 

is tin* (units) power equation 

watts-- volts .amperes 

7JO watts - - 1 fiorse power*— ,*{;$ <)(M) ft.-lh. per min. 

7. Resistance and Ohm’s Law. All mol ion is accompanied 
by friction, [n a motor-ear there is friction between the moving 
parts of the engine and of the chassis, which is minimized by 
oiling and greasing, and between the tyres and the road, 
which enables the car to be driven. When a hall is thrown 
in the air or rolled oil the ground there is friction between the 
ball and the air or ground. AH friction is accompanied by heat. 
If a piece of wood is pushed along y, tab>; it will be found that 
both the wood and the tal\Je become hot. Work has boon 
done on the wood and thy work appears,as heat. When water 
fiows in a pipe there is friction lutween the water and the 
sides of thejiipc and the pipe is heated. If the pyio is hori¬ 
zontal and the How is«steady, all the* work done in moving 
the water appears as J#at. 

There is a definite relationship between the work done and 
the heat produeed. It is , • 

(Work in joule*} 1-2 — I Heat ih calories) 

• • . |, 

The calorie (abbreviation, cal J is the heat required to raise 
the temperature of one gram of water one centigrade degree. 
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Heat, in calories, can therefore be determined Jby the rise of 
temperature of & measured quantity^of water, and the calories 
can be converted to joules by multiplying by 4-2. 

* The flow of electricity is no exception to the rule ‘about 
friction and generation of heat. Whenever electricity flows 
through a wire or through an electrolyte heat is produced. 
This is, of course, the phenomenon upon which electric lamps 
and electric fires depend. In the t case of a wire all the work 
expended in driving the current appears as heat. The amount 
of heat in a given time depends upon the strength of the 
current? the size of the wire, and the material of which it is 
made. With the thin tungsten wire of the electric lamp the 
rate of heating iff such as to raise the temperature to a very 
high figure; with the comparatively thick copper wires leading 
to the lamp the same current produces a temperature rise 
which is quite unimportant. 

The energy that is expended in heat in a given time, that 
is to say, the power that is expended in heat, is proportional 
to^the square of the current flowing. An analogy is available 
in hydraulics, where in steady motion*- the force (/) due to 
friction is proportional to the velocity (v) of the fluid in motion 
in a pipe, so that if r is some constant of the nature of a 
mechanical resistance to motion, 

/ = rv 


Since the work done on the body in moving it against friction 
is equal to the force times the distance s moved through, 


' work — fs — rvs 


9 

and the power is the rate of doing work, i.e. 


t 


work s 

power — — = rv- = rv 

r time t, 


9 


Thus the power used in producing frictional heat in this case 
is proportional to the square of the velocity; similarly the 
electrical power used in producing heat in a wire is fourj^l by 
actual measurement to he proportional to the square of the 
current and it is possible to write therefore 


power = RP 



ELECTRIC CURRENTS 


11 


where /’is the current and It a constant which is called the 
resistance of the wire. I£/ is measured in atnperes and the 
power is measured in watts, then the unit in which the resis¬ 
tance *R is measured is called the ohm (abbreviation, Cl., Greek 
capital letter omega). • 

Further, since, as has been seen, the power used in driving a 


current along 
a wire is equal 
to the p.d. (F) 
at the ends of 
the wire mul¬ 
tiplied by the 
current (1) 
through it, the 
power besides 
being equal to 
RP is also 
equal to F7. 
Thus VI must 
equal RP 



or V - RI 
or 1=-. VjR 
or R^V/1 


{ 

Fig. 3. Hot-wire Ammeter 


This very important relationship is known as Ohm's Law. 
It may also be expressed in a units equation as 


volts 

(Uiiiicrcs - j , 

1 ohms 

• • 

S. Hot-wire Ammeter. When a wire is heated it lengthens 


and the increase in lengtlj can be used tp measure the current 
that causes the heating. Steady temperature will be reached 
by the wire, when the heat it loses per second by # radiation, 
conduction ajid convestion is equal to the heat it gains per 
second from tho current; so the rise of temperature, and 
therefore the increase in length,^ will be proportional to the 
square of the current. A typical instrument is shown in Fig. 3. 
Thetjurrent passes from*.4 to B along the platinum-silver wire 
IF and heats it. To the wire is attached a eeecvid light pure 
W x fixed at 7), and to the second wire a fibre C attached to a 
spring The fibre 0 is wound^round a sjpall pulley E which 
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carries the pointer 1*. As the wire \V lengthens*it is caused 
to sag by the Spring S a(;tirig through Q and W v and the 
movement of tin; fibre rotates the pointer over a scale (not 
shown) marked in such a way that the pointer indicates the 
current ip amperes. This instrument is known as a hot-wire 
ammeter. 


9. Alternating Currents and Potential Differences. As with 
mechanical friction, the heat developed by an electric current 
does not in the least depend upon the direction of How of the 
current. If the current is an alternating instead of a direct 
one, lieV't will still be developed and thejn strum cut in Fig. 3 
will still give a reading. 

Let the instrument be calibrated with direct current by 
means of a voltameter, i.e. make a circuit consisting of the hot- 

—s. wire ammeter (A), the 

- L ->VWWW-• - copper voltameter (V) 

V 7 £ and a variable resist- 


V a ance wire (R) con- 

,.Fm. 4. Cam ii rati ox )r Ammistisr nected to a suitable 

r . source (d.c.) as shown 

Fig. 4. By altering the length of resistance wire (of 
which more later) the current / through the circuit can be 
given different values, and for each value the current can be 
determined by,the weight of copper deposited in the volta¬ 
meter, and the indication of the pointer of A marked with 
the current value. 

If now the d.c. source is replaced by an a.e. source, while 
no copper will be deposited in V, the ammeter pointer will 
still be deflected and'the strength of the alternating current 
will be measured. If the alternations of the current were very 
very slow, the wire c*f the ammeter would have time to heat 
and cool as the current changed, and the deflections of the 
pointer W 9 uld vary continually. But with all the alternating 
currents used in practical work, the variations• are so rapid 
that the w iro reaches an average tempbrature and the deflec¬ 
tions of the pointer are steady. Since the rise of temperature 
is proportional to the square of the current, the extension of 
the wire is proportional to t l, o mean square value of 1 the 
current, and jfche calibration marks will be proportional to the 
root of the mean square value of the current. The root 
mean square value, always abbreviated to r.m.s. \ralue, is 
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wliat is .meAnt 'when reference is made to the strength of an 
alternating cufrent^ • 

Tlie current is an alternating current when the source is a.c., 
i.e. when the source is such as to produce at the terminals 
an alternating potentiaf difference. In a simple circuit con¬ 
sisting only of resistance. Ohm's law applies at any particular 

A B C D £ a 

•—VWW ^W/VW^-f^VAVv^-t 

Fie. 5. ItnsrsT.vvcKS ix Siauios 


instant of time. That is, if the current througph the resistance 11 
at any instant is i- and the p.d. at that instant is r, then 


y — Hi 

It follows that if I is the r.m.s. value of the current, the 
r.m.s. value of the p.d. V is 

V = HI 

10. Series and Parallel Connection. All conductors have 
resistance, and sometimes conductors are put into a circuit 




R? 

-A/VWWVW- 


D 


£*-WVVVVW-*£ 

® £ 

Fie. 0. liliSISTAMOJflH*1 n Farau.rl. 

• 

simply because their resistance is required to*reduce the 
current that flow T s from a given source. In this case the 
conductor isf referred tc^as a resistance, 4 >r resistor , o'?rheostat. 

There areHwo wajis in which conductors may be con¬ 
nected ; these arc known as series connection (Fig. 5) and 
parallel connection (Fig. 6) respectively. In series connection, 
the»and of one conductor is connected to tjie beginning of the 
next, and so on, and all the current flows tjirough each con¬ 
ductor in turn; in parallel connection all the beginnings of 
all the conductors are connected together and all the ends are 
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connected together, and the current divides and*a part only 
flows through etfch conductor. % 9 # 

Certain •definite relationships hold in these cases. In the 
series connection (Fig. 5) let the resistances of the conductors 
AB, CD, JVF, ... be R v R 2 , -# 3 > • • • a nd let the potential 
difference between A and B be V v between C and D be V 2 , t 
between E and F be F 3 , and so on. If the current through 
each of the conductors is I, by OJim’s law for the conductor 
AB, I = VJR v for CD, I = VJR 2 , for EF, I = VJR 3 , and so 
on, or 

' V 1 = IRy, R 2 - 1R 2 , F 3 = 722*3 
V\ ■+■ Vi V& + • • » = 7(22i -|- R 2 -\- R 3 -{- . . .) 


i.e. the sum of the potential differences across tho conductors 
in series is equal to the current irfultiplied by the sum of the 
resistances of the conductors. If the total p.d. across the 
conductors (from A to F) is V and the combined resistance of 
tho conductors is R, 

V = IR 

and R = 2?j *j~ R 2 -f- 2? 3 -j - • • •> 

or the resistance of a number of conductors in series is equal 
to the sum of the resistances of the individual conductors. 

In the case of parallel connection (Fig. 6), the p.d. (F) 
across each conductor is the same but the currents are different. 
Let the currents bo I r in AB, I 2 in CD, / 3 in EF, etc.; then 
by Ohm’s law 


i -T. i 


L i 

It,” 3 B, 


and, by adding, the total current I is 
* / = / 1 + / 2 + / 3 ' 


— F -i- 4- — 

Ui A' 


. + 1 


.. 1 


If the current I i« written 

t v 

I = Z 

B 
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where R is ^he "resistance of the combination of conductors in 
parallel, it is seen tjiat R i,s determined from tl!e relationship 

r ~ r 1 ^ r 2 ^ r 3 ^ ’ ' ’ 


The current in each branch of a parallel circuit is frequently 
reguired. It is readily obtained as follows— 

* X. - IR 

ll ~ R 1 ~ R x 


i.o. 


1 any branch 


anch [ 5 c 


urrent ? 

•f 

( the combined resistance i 
5 the resistance of the branch) 


A case that occurs very frequently is the one in which there 
are only two conductors in parallel. Then 


and 



«,, Jt* 

R1R2 

R\ VR 2 


11. Resistivity and Conductivity. The resistance of a wire 
depends upon its length and its cross-scctional area. Since 
any wire can bj» looked upon as a number of shorter wires 
joined in series, it is evident that the resistance of a wire is 
directly proportional to its length. And since a wire can be 
looked upon as a number of thin wires pf equal length joined 
in parallel, it is evident that the resistance of a wire is inversely 
proportional to its cross-secftonal area. For if the cross-sec¬ 
tional area is a, and the ’wire is looked’upon as divided into 
a wires of unit cross-scctional area, each of resistances, the 
combined resistance R }s given by 3 

* 1 • 1 1 

__ —|- 1 _ , , ,a times 

R r r * . 
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Tlio resistance of a wire can accordingly be written 

* / # 
pi 


R 


a 


If / is egual to 1 cm. and a is equal to 1 cm. 2 

u ~ P 

and it is evident that the constant p (Creek letter rho) is the 
resistance of a wire 1 cm. long amf 1 cm. 2 cross-sectional area. 
p is different for different materials and is called the resistivity 
(or specific resistance) of the material. Its reciprocal is called 
the conductivity of thfs material, and is usually denoted by a 
(Creek letter sigma). Table I on page 3 gives values of the 
resistivity and conductivity of various materials, the first 
column in ohms per cm. cube and the second in reciprocal 
ohms, i.c. mhos per cm. cube. ' 

12. Temperature Coefficient. The resistance of a metal con¬ 
ductor is found to be a true constant if tin; temperature of 
the meta*! is kept constant. {Some other conductors which are 
not metal do not behave in tjiis simple lyay; there is a varia¬ 
tion of the resistance with current strength, and for these 
Ohm’s law docs not apply. However, to consider the important 
case of metals only, the resistance of any piece of metallic 
wire is found to be so constant at any given temperature that 
wire resistances properly constructed are most reliable electric 
standards. All pure metals increase in resistance with rise of 
temperature. For moderate rises of temperature, the increase 
of resistance is proportional to the rise, so that if the resistance 
is plotted to a temperature base as in Fig. 7, the graph is 
found to bo a straight line. The increase in resistance is found 
to be proportional to the rise in temperature and to the 
original resistance. Taking the resistance R 0 at 0° <J. as 
standard, the resistance 11 at any other temperature r (Greek 
tau) is , , 

R — R 0 -|- R 0 <xt — R 0 (? + olt) * 


a (alpha) is the change gf resijtanec per ohm for 1° C. rise in 
temperature and is called the temperature coefficient of resistance. 
By solving this equation, it F found that r 


r 


oc 


R-_R o 
RqT 
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This allows how a may be calculated from observations of 
the resistance*of a wire ^t various temperatures. The value 
of a for copper is 0-00428 per 1° (’. so that a copper wire of 
which the resistance is 1 ohm at 0 J C. would have a resistance 
at 10° C. of 1-0428 ohm*and at 100 3 C. of 1-428 ohjn. Table 
31 shows the temperature coefficient of various metals and 
alloys. 

•This variation of resistance with temperature is relatively 
large, and as the value of the resistance of anv conductor can 
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be measured very precisely, it is possible to use the measure¬ 
ment of the resistance of a wire to find the temperature of the 
wire. This is the principle of the resistance thermometer and 
also of a very convenient method of measuring the temperature 
rises in the windings of electrical machinery due to the-currents 
passing through them or to ;»ny other cause of heating. This 
heating must not be excessive; in usua* cases thu,increase of 
resistance allowed is about 20 per cent. 

When th <4 variation of resistance of a wire is iisfcd for 
measuring hi{jh temperatures, it is found that the graph of 
resistance to a tempeifiture base is not quite straight; it is 
slightly curved as in Fig. 8. This deviation from a straight 
limns found to be proportional to the square of the temperature 
rise. TThis is shown in the*figure and is expressed in the formula 


by the term /ir 2 


li — R {) (1 -f-'&r -f- ftr 2 )^ 
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TABLE II ^ 


• Temperature Coefficients 

i < 

a = per °C. per ohm at 0° C. 


Metal 

a 

Alloy 

a 

Aluminium 

0*0038 

Brass 

0*0010 

Copper . 

0*00428 

Constantan. 

- 0*00004 

Gold . 

0*0040 

(Eureka) 

to 

Iron, pure 

0*0062 


+ 0*00001 

Steel ., 

0*0016 

German silver 

0*00023 


* to 


to 


0*0042 


0*0006 

Lead 

0*0043 

Manganin . 

0*000002 

Platinum 

0*0038 


to 

Silver . 

0 0040 


0*00005 

Tin 

0*0045 

Platinum- 

0*00024 

Tungsten 

0*0051 

Silver 

to 

Zinc 

0*0037 


0*00033 


P (beta) is generally only a small number, but there is an 
exception in the case of iron. The resistance of an iron wire 
increases rapidly with temperature when it is red hot. If a 



Fig. 8. Increase of Resistances with Large Temperature 

' Changes 

i r 

fins iron wire is enclosed in a bulb filled with a gas which does 

not act on hot iron and a . current of gradually increasing 

strength is passed, through'the wire, the temperatuie t of the . 

< « * 


















ELECTRIC CURRENTS 


19 


wire increases as the current increases and in consequence its 
resistance also. Therefore |>he p.d. required to push the current 
through the wire increases very rapidly with the current and 
at a Certain value of thq current the p.d. required may vary 
over quite a wide range with only a small change of current. 
t This behaviour is shown in Fig. 9, which is a graph of measure¬ 
ments made with such a wire adjusted to get to the right 
temperature for 0-25 ampere. This arrangement is called a 
barretter, and is used where it is required to maintain a constant 



current in a circuit in spite of fluctuations in the voltage of 
the supply or in the resistance of the rest of the circuit. 

While the temperature coefficient of most pure metals is 
practically the same, that for alloys may be much less, and 
for carbon it is actually negative; the resistance decreases 
with temperature. For such alloys as manganin and ETireka, 
which have a*very highrresistivitv, the'■temperature coefficient 
is very small, ‘So that tKfe resistance changes are quite negligible 
with the temperature changes, normally taking place in a 
laboratory. Wires made of tlrese alloys are accordingly used 
in nTilking resistors to be used as standards fer the measurement 
of unknown resistances. 

13. Voltmeter. If the resistance of a circuit is known and 
the current through it is measured, the potential difference 
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across the circuit can ho calculated at once from* dun's law, 
V — RT. For instance, if the resistance of a lartip is 800 ohms 
and a cuiv-ent of a quarter of an ampere nows through it, the 
potential difference across the lamp is 200 volts. • 

Potential difference may he measured in this way by con¬ 
necting a known resistance in scries with an ammeter (also of 
known resistance) across the two point* whose potential differ¬ 
ence is to he measured. In the diagram (Fig. 10) the, straight 



lines arc? supposed to he conductors without resistance, the 
heavy hlaclc circles represent the terminals of the supply, the 
circle with an A inside represents the ammeter, and the zig-zag 
lines the resistances, 'flic load resistance, may he lamps or 
motors or fires, any device in fact which is being run off the 
supply. * 

If the ammeter resistance is r ohms, the series resistance is 
R ohms, the current flowing through the ammeter is / amperes, 
and the p.d. of the supply is V volts, then 

V - - HU f r) 


and V is at once found if ft end r are known, as l is measured 
bv the ammeter. 

Usually The resistance ll is located in the case containing 
the instrument and included in the circuit within the instru¬ 
ment between its terminals, and the gcale is m^Tked in volts 
instead of in amperes. The instrument is no\v*ealled a volt¬ 
meter. Different voltage ranges are readily obtained hy 
including differed resisfcbrs R connected to separate terminals. 

An ammeter measures the current which passes through it, 
and its indi^ati^n does not depend on the resistance of the 
circuit. Consequently, the accuracy of an ammeter is inde¬ 
pendent of change* of temperature. When it is ubckI in the , 
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way just described in order to measure a p.d., the resistance 
in circuit must* not # vary \yith temperature noticeably, other¬ 
wise the same p.d. would not send the same current through 
the instrument, and therefore would not give the same reading 
when the temperature changes. The resistance It *in series 
% must be made of an alloy whose resistance does not change 
with temperature, and the. resistance, r, of the ammeter must be 
sm&ll enough in comparison for any change in the value of r 
to be negligible. 

14. Wheatstone Bridge. A wire for which R is known to 
be accurately one oh 41 may be used as a standard to jpeasurc 
the resistances of other wires, if some witv of comparing them 
can be devised. The National Physical Laboifitory in Kngland 
and similar standardizing laboratories in other countries have 
found that ail ohm is the resistance; of the mercury in a tube 
1 mm . 2 in area and 100$ eni. long at l. r >° Ck, so that a resistor 
of resistance exactly one ohm can readily be made with glass 
tubing and mercury. This is the legal standard of resistance. 
To compare another resistance with a standard, the; property 
which describes and •defines the* ohm is used, i.e. the pal. 
between the ends of a resistor when carrying a current. With 
a uniform wire carrying a current, the p.d. is proportional to 
the length. The p.d. on each centimetre is the same fraction of 
a volt, so if the w ire is stretched along a scale rpid the current 
is kept steady the potential difference between one end of the 
wire and any point along the wire can be read on the scale. 

If the same supply is fe^l to a length of uniform wire AB and 
to two resistances in series—standard R and unknown A", 
Fig. 11 —there is, of course, the same p»d. between tjie ends 
AB and Cl) and the same potential fall along CD as along A B. 
Some point Q on AB will be at same .potential as F, the 
junction of R and X. If Q can be found, the ratio of the 
potential drojis on R and X will also be known, for^it will be 
the ratio between l L and4 2 > the lengths A4J and QB respectively. 
The ratio of tlie p.d.'s t>n R and X is the ratio of their resis¬ 
tances, since the same current fiyws through each; thus 

X . / 2 
• R ~ l x 

or X = kli 

► • 'l 
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By this method any resistance can be compared with the 
standard. The*point Q is found by ^aking^a sensitive galvano¬ 
meter* aifcd joining one terminal to F and the other to a wire 
which is touched on AB at various points. If F and* Q are 
at the sa^ne potential no current wilf flow through the instru¬ 
ment. If Q is too near A, its potential will be higher than tf 
the potential of F and electricity will flow from Q to F ; if 
Q is too near B, current will flo^ from F to Q through the 



Fig. 11. Wheatstone Bridge 


p p 

galvanometer. A few trials enable the balance to be found 
exactly. The galvanometer bridges across from AB to CD, 
and so this method is called a bridge method. It was used a 
great deal by Professor Wheatstone, and is generally called 
the Wheatstone Bridge. 

If the value of X is very different from that of R, say 
R — 100X, then Q is near one end of the wire AB, and it is 
not possible to make an accurate measurement. A very small 
error in reading the position of Q on the scale would make a 
large ertor in the calculated value of X. To use the slide wire 
bridge properly, it is necessary to have a set of standards of 
different v&lues so that one whose'’value is near that of the 
resistor to be measured can be chosen. 8uch sets of standard 
resistors, 'in the form pf coils of wire, are matte?’up in boxes 
arranged so that any desired resistance coil can he chosen. 

A very usual arrangement of such a box is shown in Fig. 12. 
The top consists of a stfJUt ebonite plate. On this is fixed a set 
of brass bars separated by harrow gaps. The wir^c 'coils 

*‘A galvanometer is a sensitive detector of direct currents which 
indicates the direction as woll /f js the strength of the current. It is 
described in Chapter T 1I. 
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forming the resistances are connected, one across each gap. 
The gap can be bridged by ft tapered plug whiclf fits accurately 
into a tapered socket jvhieh is formed by the two brass blocks, 
one half of the socket beyig formed in each block. When the 
plug is in the socket the corresponding coil is short-circuited 
Jby the plug, and the effective resistance is zero. When the 
plug is out, the resistance of the coil is in circuit. The coils 
are arranged in series, and, different sets of resistance coils 



Fie. 12. Post Officio Box 


may be chosen by removing the corresponding plugs. The 
other plugs should be pushed in tc^ make good contact. The 
coils may be 1, 2, 3, 4, 10, ,20, 30, 40, 100, 200, 300, 400, 
1 000, 2 000, 3 000, 4 000, pr 1, 2, 2, 5, 10, 20, 20, 5|), 100, 200, 
etc., ohms. From cither set coils can be chosen to make up 
any value of.resistance up to 11 100 ohms in steps of ]• ohm. 
The coils themselves ate made up fr<*m insulated wire and 
wound on insulated boBbins. The winding is most often done 
by doubling the wire and wrapping the doubled wire on the 
bobbin, so that the current vhen passing through the coil 
flows'tound the bobbin slockwise for half the length of wire 
and counterclockwise for the other half of the length. The 
reason for this will be clear wher^thc inductance of a coil has 
been studied. With such a resistance boa^ the balance point 

3—(T.49) 
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can easily be brought near the centre of the bridge by taking 
out the propel 4 'plugs. In fact, it isreasy W find two resistances 
in the box, differing by one ohm only, £uch that the balance 
for one is on one side of the centre f\nd the other on th*o other 
side. The unknown resistance then lies between these two 
resistances. 

The same information could be obtained if the two halves 
of the slide wire were wound into coils like those in the box 
and the mid-point were joined to a terminal. This would be 
a much more compact arrangement than the slide wire bridge, 
and there would be no loose pieces. With such an arrangement 
the value of any resistance to the nearest ohm up to II 110 
ohms would be'found. The range of measurement is much 
extended if, instead of replacing the slide wire by a pair of 
equal coils, it is replaced by two sets of three coils, 1 000, 
100 and 10 ohms, in each set. By taking different pairs of 
those, one from each set, ratios of 100 : 1, 10 : 1, 1 : 1, 
1 : 10, and 1 : 100 can be obtained, so that the equation 


- 10” and X - R X 10” 
K 


whore n - 2, 1, 0, - 1 or - 2 replaces the equation 

X 

R 

In this way the range of measurement is extended up to 
100 times greater and down to 100 times smaller than with 
a ratio ,of equality. Also the value of the resistance measured 
is obtained by merely moving the decimal point in the figures 
giving the resistance H in the box. 

A box containing the resistance coils in this arrangement is 
called a Post (Jffice Box, as it M as designed by Post (Mice 
engineers for the use"of linesmen in ‘testing telegraph lines. 
For very many years it has been thrf standard arrangement 
for general resistance c measurements. Then* arc generally 
included on the ebonite pane! two switches for the battery 
and gaIvanome ter^respectiveIv, and .terminals for connd&lfions 
to the battery, galvanometer and the resistance to be measured. 
The arrangement of the panc^ varies considerably with different 
makers, but the proper connections arc cither clearly^marked 
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or easily* traced. Fig. 12 shows the top of a typical box and 
the scheme of Connections Jettered to correspoad. 

15. Rheostats. Tt is often necessary to adjust tljo current 
in a circuit to a particular value, and this is generally most 



conveniently done b^ adjusting J,lic resistance of the eiroltit. 
For this purpose the arrangement shown in Fig. Ft is often 
used. Wire of a high resistance alloy is wound on a former 
of slate or an enamelled iron tube, and the ends of the wire, are 
connected to two terminals. The turns are insulated from 
each other. A third terminal 

is connected to a metal bar 9 ^WWWWVWn/WV^-^ 
which is fixed parallel to the e 

axis of the former and carries 

a slider which makes eon- t “\ 

tact with the windings. As $ u PPty * 

much or as little of the ' # •Circuit j 

winding as is desired can*be • °\ 

included in the circuit, if the ^_ (\) _•_ 

connections Vi e made*as in • 

Fig. 14. • • I’m.. 1 L Fsr m.' UiiKosT.vr 

The value of tin* resistance f TO Vvuv Ci mtnvr 

in the circuit does not require \ 

to known, as the position of the sliderjs adjusted till the 
required current as indicated by the ammeter A 0 is obtained. 
The gauge of wire and the size of the tube are chosen so that 
the rhedstnt, as it is called, docs*not get too hot. The watts 
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to be dissipated from the surface of the winding should not 
exceed about 0-4 watt per cm. 2 Variable resistances of this 
kind are sometimes called potentiometers , but this is an entirely 
wrong use of the name. * 

A rheostat with a terminal at each end and a slider making 
m _ contact between them can be e 


Fig. 15. Use c-f Rheostat 
as Potential Divider 


c . w used as a potential divider 

y J When connected as in Fig .15. 

•-J-^VWWVWMMW-*- J The p d between A ant l C 

can be adjusted to have any 
q * value between zero and the 

Fro. is. Usk «, Rheostat value > f ■ maintained by the 
as Potential Divider source between the terminals 

A and B. No measurement 
of the potential difference is in ado, by this arrangement. 

10. Potentiometer. The potentiometer is a very accurate 
means of measuring p.d.’s. If a uniform wire is carrying a 
steady current, the fall of potential is the same in each centi¬ 
metre of its length. This gives a scale of potential differences 
which can be used to measure and compare potential differences 
in other conductors. The 

general arrangement is _ v 

shown in the circuit of f + — 

Fig. 16- /_ E 

AB is a uniform wire A* 7 - ^ ... - - i ff 

stretched along a scale. It r?\r ^ J 

is carrying a constant k!) s' 

direct current / amperes ] . « “4 

supplied by the source*. The * 0 

strength of the current can ‘Fig. 16. Potentiometer 

be adjusted by me,ft is of 

the resistor R. If the resistance of each centimetre of the wire 
AB is r ohms, the p.d. on a length AB — l cm. is 

Ilr volts < ' 


+ - 

- E 


[/)& 


Fig. 16. Potentiometer 


Two wires arc connected, one to A, and one to a movable 
contact K on the wire. 'These wires will be at the same poten¬ 
tial as the points oh the wire AB to which they are connected 
if no current is flowing in them. A sensitive galvanometer G 
is connected in the lead from A to detect any current. Now 
if C ond D, the other ends of these leads, are connected to two 
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points whose p v d. is to be measured, no current will flow 
through the galvan<fmeter®if the p.d. on the l^ire is equal to 
the p.d. to be measured. If the p.d. Hr between A *and E is 
greater than the p.d. between C and I), current will flow from 
, A to C and back by D to E. If Hr is smaller, current*will flow 
% in the opposite direction. By adjustment of the length l 
balance is obtained when no current flows, say at cm. for a 
p.d. between C and D of V 1 volts. The same operation is 


7m. 


7m. 


7m. 


7 m. 1 metre 



Fig. 17. Potentiometer with Extended Kange 


repeated for another p.d. I 7 2 , and balance is obtained with a 
length U cm. 


Then 


Fj ll,r I L 
K, Ih_r U_ 


If either \\ or V 2 is known, the other can be found. 

It is convenient to make the scale of the wire AB read 
directly in volts. This can be done, by adjusting the strength 
of the current I. Standard tcells of very constant p.d. are 
available. A cadmium cejl, for examplef which hgs & p.d. of 
1*0183 volts, is connected at CD and the slider set at 1*0183 m. 
= 101*83 env and the current / is adjusted by the ^hed&tat R 
until the galvfjpometer Sr shows no deflation. Each millimetre 
of the scale will then rlad 1 millivolt. As it would be incon¬ 
venient to have a very long scale thq wire is partly made up 
intq coils, each containing say done metre of wire exactly, and 
one nffetre only is stretched out along the Scale. The ends of 
each coil are brought to a set of switch contacts a€*in Fig.*17. 
The contact arm of the switch then acts as the point A in 
Fig. 16. The potentiometer is jwi exceedingly useful device, 
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as it is equivalent to a voltmeter having a scale as long as the 
wire and divided uniformly. I « * 

In addition to measuring potential differences the potentio¬ 
meter can be used to measure currents and resistances. The 
current to be measured is passed through a standard resistance 
which is known, say 1 ohm, -j 1 ,, ohm, etc., .and the potential , 
difference at its ends is measured by connecting them to the 
points CD. Resistances may be compared by passing a current 
through them in series and finding the ratio of the p.d.'s this 
current produces in them. This method is particularly useful 
for measuring low resistances which aro to be used as shunts 
for heavy currents for ammeters. These have four terminals, 

two terminals are for attach¬ 
ment of the current leads and 
two, called potential leads, 
are -for attachment to the 
instrument, see Fig. 18. The 
resistance value of the shunt 
A' S B is the resistance between 

Fro. is. AMMCTisii Sjittjm 1 the points where these are 

connected. The reason why 
they are made in this way is that it is impossible to 
make an electrical connection or contact of really zero resist¬ 
ance, and if a contact is carrying a large current the p.d. 
across the contact, which is l R, may be measurable oven for 
a small resistance of contact R. In this case the position of 
insertion in the clamps A and B of the wires leading to the 
instrument would affect the reading. By arranging separate 
terminals (J and l) far the instrument leads, the resistances of 
the contacts A and B carrying /lie large current do not affect 
the reading. As tlioninstrument current is small, the product 
IR for the terminals V and ]) is negligible if they are connected 
with Ordinary care. t 

If the resistance of the shunt is S ‘ohms and of the ammeter 
is R ohms, the current through the instrument is 



o r* /> X (total current) 
o - R • 

, I* 

w r 

"fhe shimt S pan be made to havt values which make the 

q 

shunt factor - -- any convenient factor such as A, T ^- 0 -, ( V 0 , 

.( & + Ji 
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etc. The shunt thus converts the instrument into one with a 
higher range. • I * 

17. Earth Resistance. A consideration of the resistance of 
the Efirth is of considerable importance. Although the resis¬ 
tivity of the Earth’s surface varies very considerably according 
to the nature of the soil (the sea is a good conductor and dry 
sand very poor), the cross-sectional area taking part in any 
conduction of electricity between two conductors Led into the 
earth at different points is so considerable that the actual 
resistance encountered is very small indeed, and almost 
entirely situated in the neighbourhood <^f the conductors. 

This fact was discovered in the very early days of telegraphy. 
It was found that if, instead of sending eurr&it from one place 
to another over one wire and back over another, as in Fig. 
19 (a), one terminal of the source and one terminal of the 

Source R | 

•- * 

(CL.) 

Source * 4 

Whrth <?>) 

Fic. 19. Earth llisTiiKN Circuit 

% 

• 

receiving apparatus It were connected to plates buried in the 
earth, and only one wire was riyi frurn the soureg to the 
apparatus, as in (b), nearly i^vice the current was received in 
the apparatus. Instead c^f the resistance of the twef wires in 
series in (a), there is in (b) the resistance of one wire plus the 
resistance o^theEarth, and the latter was found to be negligible. 
This arrangement is kribwn as an carthfeturn circuit. 

The current; from dfie buried plate to the other must be 
regarded as flowing in stream tines somewhat as indicated in 
Fig*. 20. If two conductors, si^ch as a*pair of copper balls, are 
put illto the ground at distance from on«f another, and they 
are connected to the terminals of an electric Supply,«the 
current flowing from one to the other through the earth does 
not coniine itself to the direct line joining them. It flows 
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out of the + hall on all sides and into the ball similarly 
from all sides; *the current flows id curvod lines from one to 
the other.* These balls may be called electrodes. 

The arrangement is really equivalent to many conductors 
connected in parallel. Each possible channel of flow will take 
its share of the current. If a small area is imagined to be 
drawn on one ball, the current from this patch will flow along 
a set of neighbouring paths in the»ground, so that the lines of 
flow will form a bundle which ends up on a patch on B. This 
bundle keeps itself to itself all the way; no current strays 

out of it or'into it, to or from 
other bundles of lines of flow which 
run alongside it. The current which 
starts from the path on A all arrives 
at its corresponding patch on B and 
can be enclosed in an imaginary 
tube in the ground. This tube is 
wider in some parts than others and 
the sides of it are lines along which 
tlfe current flows. As the current 
is the same all along the tube, the 
current density, which is the current 
per cm. 2 , is least where the tube is 
widest. 

At any cross-section of the tube, 

Current density x area = current in the tube 

This current may be called the flow in the tube. The patch 
on the electrode may’ be any sizo at all. Let it be choson so 
that one ampere flows from it. ‘The flow in the tube is then 
unity and the tube inay bo called a unit tube. This may be 
done for the whole surface of the electrode A, and then the 
number of unit tubes leaving A is the total cunrent from A 
to B , and must be tile same as the‘ number ,bf unit tubes 
reaching B. If any area is imagined to be marked out under¬ 
ground, such as by a buried* loop of string, the number of 
unit tubes passing throdgh the loop is the current through, the 
loop and may be c&lled the flow throv gh it. * 

If an im^inaiy surface is drawn in the ground enclosing 
the electrode A, the total flow through it is the same whatever 
the jshape or size of the surface, for all the flow from A 'passes 


r- 

r 



Fig. 20 

Current Flow Between 
.Buried Electrodes 
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out through it.. If the surface is a sphere of radius r with its 
centre at A, the ar#a of tlie surface is 47 jt 2 and the average 
flow per cm. 2 = //477T 2 if I is the total flow. * 

Now if B is very far away, the flow lines at A are not affected 
by it and the flow is equal in every direction and is the same 
‘over the whole of the sphere. The flow per cm. 2 is then //4-7rr 2 , 
or the flow density is inversely proportional to the square of 
the distance from A. The Aumber of unit tubes per cm. 2 is 
the flow per cm. 2 and so is Ij^irr 2 . The same result is obtained 



if the flow inwards at B is considered; the flow inwards per 
cm. 2 is //477r 1 2 if r 1 is the distance from B. 

Where the flow of .4 and B affect one another we have to 
find the resultant flow by combining I/^nr 2 outwards from A, 
with //47Tr 1 2 inwards to B. The resultant flow is in a direction 
between the two, as in Fig* 21. It is in fact given in magnitude 
and direction by the same construction as that used in the 
parallelogram of forces. As the distance from an electrode 
increases the cross-section of the tube increases very rapidly, 
and as the resistance per cm. of a conductor v inversely 
proportional to its area, practically the whole of the resistance 
between the ^electrodes is close to the electrodes, where the 
area of the tu^e is smafl. If the soil in* which the electrode is 
buried is a good conductor, the total resistance is very small. 

18. Potential. Because of the' negligible resistance between 
the Jbwo plates the potential difference between the plates is 
practically zero. In fact the Earth is of such vast extent and 
in general such a good conductor that never* between points 
on its surface is there any serious potential difference. The 
* earth is consequently very suitable as a •reference point jn 



32 


FOUNDATIONS OF TECHNICAL ELECTRICITY 

estimating p.d.’s, and when the p.d. between any point and the 
Earth is undef consideration, it is | r ery usual fo speak simply 
of the potential of the point, meaning the p.d. between the 
point and earth. If current woult^ flow from the pbint to 
earth, w?3re a wire, connected between the two, the potential 
of the point is said to be positive or higher than earth potent 
tial; if current would How from earth to the point, its potential 
is said to be negative or lower than earth potential. 

Very frequently one point (usually at the source) of a circuit, 


Switch 



KlC. L’lJ*. ClJtCUTT Eaftii 


J) '\n Fig. 22, is connected to earth in order to prevent the p.d. 
between any part of the circuit and earth becoming (by any 
means) more than the p.d. at the terminals CD of the source. 
This is not an earth return arrangement, which is very little 
used to-day and then only for the small currents of telegraphy, 
but merely a safety device. Instruments, etc., should always 
be located next to the terminal connected to earth. Then if 
they arp accidentally touched, no current will pass through the 
body to earth. The switch is placed between the apparatus 
and the' high potential terminal so . that when it is opened all 
the apparatus is at earth potential and there is no possibility 
of acfcidcpt. f , 

19. Line Faults. If the insulation fails at # uny part of a 
supply line, sey at P, Fig. 22, and a Connection is thus made 
to the earth, the part of the •line PD between that point and 
the earthed terminal Ox the sopree is said to be short-circuited 
by the earth, as the current, instead of flowing through that 
part {1U irfSSfig. 22) of the circuit, flows through the earth which 
is now in pars ilei. If It* is the load—motors, lamps, etc. 
—yhich it is intended to supply and R x , merely the resistance- 
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of the electric mains providing the supply, the current may be 
very great antf do ^eriouif damage to the generators at the 
source through overheating if protective devices* are not 



installed. The insulation of supply leads can be tested by 
measuring the current flowing through an ammeter in the 



(*) 


Fig. 24. Varlky Loop Tjc^t 
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position C, when the lead to D is disconnected and therefore 
no current is supposed to flow. * • 

A simpler method is to measure the resistance between the 
line and earth by means of a P.O. box connected as in Pig. 23. 
If the line insulation is faulty, the resistance measured will 
give a direct indication of the fact. The earth acts as a return * 
lead from A to B and the resistance measured is that\f the 
line and fault in series. The position of a fault to earth on a 
lino such as a telegraph" or telephone line can be found when a 
good line is available between the .same two points. The 
method is known as the Varley loop test.* The resistance of the 
good line and thp faulty line in scries are first measured by a 
P.O. box connected as in Fig. 24 (a). 

K v B z arc the ratio arms, I? 3 is the variable resistance in the 
box. r 

R x — Ii 2 generally. Let the resistance of the loop = l. 

One terminal of the battery is disconnected from the box and 
connected to earth as in Fig. 24(6). This is equivalent to 
connecting that terminal to the lino at the fault. 

If y — resistance of A BCD and x — the resistance of DE 

x • h R 3 y, if ll x = R z 
y— ® = R a 

y 4 x ~ l 

.. l-R* 


or 

but 

so 



The distance to the fault can then be calculated from the 
resistance, which is known, of one mile of line wire. This 
method is i cry accurate for underground lines, as the tempera¬ 
ture if} fairly constant, but for overhead lines the correction 
of the resistance for temperature must be estimated and may 
not be accurate. The method assumes a defiir.te earth fault 
on a well-insulated line. If the fault is a high resistance one 
the current supplied through it to the bridge is small and 
an approximate pieasuremeni only of the resistance ? is 
possible. s 
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cl'ass Experiments 

. ON THE SUBJECT OF CHAPTER I 

Note. Wherever possible ftieso experiments should be carried out 
^with both d.c. and a.c. sources. * 

1. Calibration of Ammeter by Copper Voltameter— 

# Copper plates m copper 
sulphate solution 


Switch Variable resistance 


Source 0 


Weight deposited 
0-00033 X time m sec. 




Standard resistance 
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4. Conversion of Milliammotor, etc., for Use as a Volt mo tor by Sories 
Resistance— , 


0 



Adjust r so that deflection of instrument roads V — III conveniently. 

Repeat for various values of II and consider tho effect of tho relativo 
values of r and II. Unless r is largo compared with R allowance must 
bo made for the current that flows through tho inilliainmeter, is included 
in the Torrent read by^-1, but does not contribute to the p.d. across R. 

5. Measurement of Resistance of Current Instrument and Calibration 
for Use as a Voltiheter 



V - Ir. V„ = J( /f,,+ I), It -[ r 

Plot 1// against known values of R. 
Intercept on axis gives r. 

Hence, V — Tr 

an<l ' V 0 ----- 1(11 + r ) 

Calculate R to gi\o different ranges of volts. 


— const. 


6. Measurement of Resistance by Ammeter and Voltmeter— 



y « <t 

R — --: Find correction for current in voltmeter. 

/ c 



Find correction for p.d. in amrnoter. 
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7. Fall 6f Potential along a f^lide Wire- 


-Awyvv^w^- 


r~ 

Source # 

I Slide wire 


Kr> 


High restst^pce instrument 


Plot reading of voltmeter against length of slide wire. 

8. Comparison of Resistances- - # 



Ammeter (fcr voltmolor) is connected first to d and B ami thon to 
C end D. V is adjusted to give tlio same reading in each case by 
means of the variable rheostat. 

Then with readings I, ami J 2 on anirnoter (or voltmeter) 

Ti lt t 

. h iK 

The proof is loft as an axorciso to the student. 

9. Measurement of Resistance by SlidT> Wire Pattern Wheatstone 
Bridge - * 



•Exchange X and It. 




38 


FOUNDATIONS OF TECHNICAL ELECTRICITY 


10. Measurement of Resistance by P.O. Box Pattern Wheatstone 

Bridge— « , 

Connections according to scheme (a) in Experiment 9 above, l x l a are 
the ratio arms, R the resistance ami in box. 

11. Measurement of the Resistance of a. Slide Wire Eliminating End 
Corrections. Four-gap Bridge— 


Source x 

—O 0-+/MAMT 




;n 

Standard 


P ant? Q aro equal resistances. * 

Balance as showji, then exchange strap S and 1 ohm standard and 
rebalance. Slide wire between balance points has 1 Q. rosistaneo. 

12. Comparison (Accurate) of Two Nearly Equal Resistances.— 
Comparison of a standard with coil of the samo nominal value. 
Carey Foster method. Four-gap bridge. 



P anil Q are equal resistances. 

X is the coil under tost, R is a standard. Balonco as shown. 

Exchange X end R and balance ugain. 

Shift of balance a distance n point gives difference between X and R. 
X — R — rn if r — resistance of 1 cm. of A’IK. 

13. Variation of Resistance of Copper with Temperature— 

A coil of about 10 ohm copper wire* is heated to measured tem¬ 
peratures in an oil bath and its resistance measured by P.O. box or 
slide wire bridge. A graph of R against temperature gives R n and a. 
R — i? 0 (l -f ar). 

14. Variation of Resistance of Platinoid or Eureka Wire with 
Temperature— 

A coil of about 10 ohms of wire is heated in an oil bath and its change 
of resistance is measured by the mothod of Exporimont 12. The results 
are to be shown on a graph. 

15. Potontiometer.—Comparison of p.d.’s Cenerat d by Cells— 
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Tho colls to *be compared ar« connected in turn to A and 21, taking 
care to join + to --j-. The tvdanco point is found for oach on the 
slide wire. • 




etc 

i — r > «- 

• >n V 2 




, 16. Potentiometer.—-Variation of p.d. at Terminals of Cell with 

Load. 

As in Experiment lo with various resistances It connected acros 
the terminals of the cell tested. •Resistance of cell ■— r. 


V — I It: I — curront from coll. 


V 0 = I(R + r) 
r _ r 0 - r 
ft~ V 


l *-1 


as 


V act. 9 


17. Potentiometer. - Calibration of Ammeter by Standard Cell and 
Resistance — 

P.D. on standard resistice, Carrying curront reml on atnmoter, is 
compared on potontiometer with p.d. from sturidanl cell on opon 
circuit. True amperes are gi\en hy 

p.d. on resistance 

resistance 

• • 

This is compared with the reading. 

18. PoTKNTioMKTifiH.-—Calibration of Voltmeter— 

P.d. at forminals of voltmeter, when connected to a supply which 
can bo variod, is compared with p.d. from standard ceil or with p.d. on 
standard resistance entry mg a current measured by standard ammeter. 

19. Potentiometer. ---Comparison of Resistances — 

P.d.’s on tho resistances are compared when they are carrying the 
same current. 


EXERCISES 

1. Two wires of different resistances are connected i|f parallel to 

lorn' part of a circuit through which an electric curront flows. In which 
wiro will tho li^at developed be the greater? • 

• « (The w r iv> of smaller resistance.) 

2. With what*resistancqimust a galvanometer of resistance =189 12. 

bo shunted in ordor that only one-tenth of the curront to be measured 
may pass through it ? * 

. . ^ (2i n.) 

3. Two resistances, one 10,12. and tho othor 10(212., are connected in 
parallel, and the combination is connected in series with^a resistance 
of 2012. What p.d. will be required (i) to sond rVr A* through tho whole 
circuit, (ii) to send A A. through the 100 12. resistance. 

( (i) 2-91 V.; (ii) 32 V.) 



40 • FOUNDATIONS OF TECHNICAL ELECTRICITY 

4. Tho resistance of tho armature 6f a gonorator i*s foand to be 

0*25 £2. at 16° C. # The muehino is run (in full load far 8 hr. when the 
resistance is found to bo 0-28 £2. What is 1 tho tenfperaturo of the winding 
at the ond»of the run V (45-6° C.) 

5. A moving coil instrument has a resistance of 5 £2. and requires 
50 mA. for full scale deflection. How cai/this instrument bo arrangod 
to road ( ct) up to 10 A., (ft)upto 10 V. (0*0251 £2. shunt. 1!)5 £2. series.) * 

6. What size of cable is necessary to transmit 150 kW. to a consumer 

situated 1*5 miles from tho source of supply, which is maintained at 
1 200 V. ? Assume a loss of 10% in tly> cable. (0 07 sq. in.) 

7. An ammeter was connected in series with a silver voltameter and a 
current passod. At tho end of 110 min. 205 g. of silver woro deposited. 
The curront was maintained steady and indicated 1)0 A. Find tho percen¬ 
tage corvxstion required f for this reading of thehmmotor. (-[- 3-1%.) 

8. A copper cable is currying a current of 500 A. Tho oross-soctional 

area of tho cable i.« 0*15 sq. in. Find tho p.d. between two points iri 
the cublo separated by 1 yd. (83*75 mV.) 

0. The resistances of the arms of a bridge aro AB — 10 £2., BO — 5 £2., 
CD =— 10 £2. and DA — 5 £2. The p.d. botweon A and (J is 25 V. positive 
from A to C. Find tho p.d. between B and J), stating which is at tho 
higher potential, B or D. (<SV., D highor.) 

10. Tlio working temperat ure of a TOO W., 220 Y., gas-tilled tungsten 

filament lamp is 2 000° C. What current wall this lamp take from a 
200 V. supply at tho moment, of switching on, if tho room temperature 
bed8° C. ? ■ . (5-55 A.) 

11. A 5 £2. resistor of manganin wire is to be wound (as a single-layer 
winding) on a circular section former which has an external diameter 
of 0*75 in. 'The diameter of tho bare wire — 0*048 in.; tbh diameter 
of the covered wire — 0*0(30 in. How many turns will be required? 

(205 turns.) 

12. Fstinmto the resistance of a heating element suitable for giving 
tho following hot water sor\ ice— 

Inlot temperature of water . . . . (30° F. 

Outlet temperature of water . * . . 180' F. 

Quant ity required daily ..... 15 gal. 

EJJicioncy of heating upnaml us .... 90%. 

Supply voltage. . . , . . . . 230 V. 

What will be tho weekly- cost of tho electrical energy required, if the 
energy costs £d. per kWh. ? 1 (210 £2., 5s. ljd.) 

13. A factory is situated | milos away from a substation and is 

supplied at^ 440 V. Tho efficiency of transmission, wh&n the factory 
demand is 50 kW., is to be 94%. What \tfill be tho'curront in the 
cables undor these •onditions V ‘ (121 A.) 

14. A 230 V. tungsten filament lamp has a resistance of 25*8 £2. at 

16° C. The normal working tempomturo of the filamont is 2 700° C. 

Determine— ‘ 4 

r 4 

(а) Tho normal curront in tho lamp; 

(б) Tho cutaent taken from the supply immediately on switching on; 

(c) Tho normal power rating of tho lamp. (0*65 A., 8*9 A., 150 W.) 

16. 10-100 W., 220 .V. lamps aro connected in parallel with one - 
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another. &-ldb W., 220 V. laftips aro connected in parallol with ono 
another. The tw® groups ar^ connected in series across a 440 V. 
supply. Determine tho^mrrent in each lamp, assuming the rosistaneos 
are the same as under normal running conditions. (0-150 A.,*0-78 A.) 

16. 1A a copper refinery the purification of copper is carried out by 
electrolysis. If there aro 20 trats in scries, mid the eathodo in each is 

^ 4 sq. ft. in area, what weight of copper is depositor!, per hoflr with a 
current density of 20 A. per sq. ft., the rnotal being deposited on both 
sidos of tho copper cathode ? 

• (3-78 kg. per hr.) 

17. An electric motor is used to work a lift. Tho weight of tho lift- 
loaded is l .700 lb. and it is raised at the rate of 4 ft. per sec. Tho motor 
converts 80% of the electric energy supplied to it into mochanical 
work. Find the power nf kilowatts required bv tho motor. # 

(10-2 k\V.) 

18. A block of offices is lit by 160 60 \\ r . and 120-40 W. lamps. If 
tho supply is at 220 Y r ., what will bo tin* current taken if all are switched 
on at tile same time ? 

@ (6o-5 A.) 

19. Tho resistance of tin* bronze wire used for a telephone lino is 

44 Q. per mile and the weight of the w ire is 10 lb. per mile. What would 
be the resistance of the loop to a subscriber tliroo miles from tho 
exchange, using wire of tho same material but weighing 100 lb. per 
mile? (1 <?“>•() 12.) 

20. It is required to supply .70 k\V. <*> a factory 800 yd. distant In An 
the generating station. The power is to be supplied at 100 V. at the 
factory. Calculate the sectional area of the copper conductor to be 
used, if tho*drop of volts in the transmission is to bo 10 V. I 000 yd. of 
copper bar 1 sq. in. section lias a resistance at 60 1 F. of 0-024 £2. 

(0-24 sq. in.) 

21. If tho same power is to be supplied at l 200 V., and tho same 

fraction of the input power may be lost in transmission, wlmt cross 
section of copper may he used ? (0-0267 sq. in.) 

22. Tho tomperature rise due to tho heating by an electric current 
is within a safe limit for a particular material if tho power to lie dis¬ 
sipated in the wire does not. exceed \V. per^-rn. 2 of cooling surfaco. 
Calculate tho safe current for wires of 0-2, 0-4, 0-8 and 1-0 miH. din., if 
the resistivity of tho wire is 40// £2.*por oin. Plot tho results graphically. 

• . (0-222 A., 0-628 A., 1-78 A* 2-48 A.) 

23. Calculate the safe current density for tho different wAros in Ques¬ 
tion 7 and draw a graph of tho results. • 

* (707, .70y, 3f>3, 316 A. per cm. 2 .) 
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CONDENSERS AND ELECTROSTATICS 


1. Condensers. In the last chapter the conditions governing 
the flow of electricity in a completely conducting circuit were 
examined. It will now be necessary to consider the case when 
there is no complete conducting circuit, but the flow is barred 
by an insulator. Nq steady flow occurs when a source of 
steady p.d. is connected to such an interrupted circuit, but 
something does take place in the insulating gap, in consequence 
of which alternating currents can flow in the circuit. 

A water analogy is helpful in understanding how this may 
be. In Fig. 25, P is a reciprocating piston and 1) is a diaphragm 



Fiu. 25 

Water Analogy 
or Con r>jjj.N s jsj t 



Source 
Fig. 26 
Charging a 
Condknshh 


in a water pipe circuit completely filled with water. If D is 
made of srfpe very elastic material such as indiarubber that 
can stretch and bulge out, it will be possible for P to move 
the waterv.backwards and forwards round the Circuit; and 
this movement of the water constitutes^ an alternating current. 
If P were replaced by an ordinary pump, the diaphragm at D 
would allow a small initial movement but would prevent water 
being forced continuously round the circuit. In this way it is 
possible to Jiave a circuit in which steady direct currents are 
impossible, but in which alternating currents can flow. 

Set up two metal plates, parallel with and facing 

. 1 '42 


one 
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another at a* short distandb, d cm., apart. Connect them to 
the terminals <Jf a qpurce t>f steady d.c. p.d. with a sensitive 
current detector in one of the leads as in Fig. 26. JVhen the 
switches closed, it will be found that a current flows for a very 
short time and then ceaScs. The galvanometer pointer kicks 
- and then swings back to zero. There is now no current in 
either of the leads, and therefore each plate must be at the 
same potential as the ternynal of the source to which it is 
connected. The p.d. between the plates is the same as that 
between the terminals of the 
source. During the* time the 
current was flowing a certain 
quantity of electricity passed 
from the positive terminal to its § 
plate and an equal quantity ^ 
passed from the other plate 
to the negative terminal; the 
indication on the galvanometer 
is the same in whichever part 
of the circuit it is placed. This v 27 

arrangement of plates is called Curbknt-timk LVkvk 

a condenser, and the quantity of 

electricity, Q , which flowed, is called the charge in the con¬ 
denser. If the condenser is connected in a similar way to a 
source of higher p.d., it will be found that the impulsive 
indication of the galvanometer is increased in proportion to 
the increased p.d., showing that the charge increased with 
the p.d. As the current flows, then the charge carried to the 
condenser accumulates and raises the pji. between the plates 
until it reaches a value equal to tliat of the source, l?y which 
time the current will have died down to frothing. m • 

If the graph of the current is drawn against it time base, 
the curve of J’ig. 27 is obtained. The current at time A»is AC, 
and a little later at time B it is BIJ. • The charge*which has 
flowed to the*condensA' during the time AB is the length of 
the interval AB multiplied by tthe average current or by the 
average height of the strip ABDG. *Shis is exactly given by 
the* a#ea ABDC. Consequently the total charge is the total 
area between the curve and the base. It is useful to remcipber 
this, for it is a general rule; if the curve is drawn giving the 
current at each instant with time as, the base, the area under 
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the curve between any two verticals gives the eliarge which 
has been accumulated during that D.mo. , ‘ 

The change in the condenser starts at nothing and grows up 
to its final value. If it is known at each instant, a curte can 
be drawi\ as in Fig. 28. At time A, ‘the charge is AC, and a 

little later at B, it is BD. The charge 
which has passed in this time is got 
by drawing CE parallel to the base. 
1)E is the charge supplied by the 
source in the time A B ; also CE — A B. 
The average current during the time 
A B is the ratio of charge supplied 
to the time or the ratio DEfCE. 
This is the slope of the curve of 
charge. This is another important 
general rule—tile current in any case 
at a particular instant is the slope 
at that instant of the curve which gives the charge in the 
condenser on a time base. 

l*f two or more exactly sinr’lar pairs of plates arc connected 
in such a way as to be charged together to the same p.d., 
see Fig. 20, and the charging current is passed through the 
galvanometer, it will be found that the swing of the galvano¬ 
meter pointer is proportional to the number of pairs of plates 
which are being charged. As it is obvious that each pair re¬ 
ceives the same charge it follows that the throw of the pointer 
is proportional to the quantity of .electricity which passes 
through it. When a galvanometer is used in this way with 
currents ^ lasting for pi very short time the swing of the 
pointer measures the total quantity of electricity, and not 
the current,, i.e. it measures coulombs and not amperes. It is 
generally called a ballistic galvanometer when used in this way. 
Furthcj, the swing of the pointer increases in proportion to the 
p.d. which *is used to charge the condenser, and thus the con¬ 
clusion can be drawn that the charge supplied to'the condenser 
is proportional to the p.d. to which it is raised, or, expressed 
as an equation, + ' , 

Q = CV * 

I 

C is a constant for a given condenser and is called its 
capacitance. The capacitance ( is a measure of the capacity 
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of the condenser to holder contain electricity. The name 
condenser was*chosjpn foil a similar reason, \mz., the device 
seemed to collect or condense a noticeable charge of 
electribity. 

The practical unit of capacitance is the farad ; a cpndenser 
of capacitance one farad would require* one coulomb to charge 
it to a p.d. of one volt. Or the capacitance of a condenser is 
the charge in coulombs required to raise its p.d. by one volt. 
The unit equation corresponding to 

. Q-cv 

is coulombs = farads x volts. 

2. Dielectrics. If the insulator between the plates is not air, 
but sulphur for example, the capacitance of the condenser is 
greater than the capacitance of the same pair of plates the 
same distance apart with air between them. It is found that 
the capacitance of such a condenser is the capacitance of the 
same condenser with air, multiplied by a factor for*the par¬ 
ticular insulator. This constant factor is called the dielectric 
constant for the insulator, and the symbol #c (pronounced 
kappa, a, Greek letter) is usually used to represent it. The 
dielectric constants of solid and liquid insulator’s are greater 
than unity, so the capacitance of a condenser is increased by 
using insulators other than air. This change of capacitance 
when the dielectric is changed means that something occurs in 
the space between tho plates when a condenser is charged. This 
something is called electric jinx. The dielectric, as it were, 
yields under the forces which would drive electricity across if 
there were a conducting pafch, and the amount of yielding 
compared with air or empty space is shown by thp dielectric 
constant. • 

The dielectric constant of a substance is also called the 
‘permittivity, because this factor is a relative measure of how 
much the insulator permits the passage of the flux. As the 
charge flows into the condenser the flux from plate to plate 
increases, so that a changing f^ux is, it were, a continuation 
of Ibh* current across the gap. The flux* is constant if the 
charge in tho condenser is constant, that is, when there is no 
current. The total flux betweeti the plates is proportional to 
the charge. 
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TABLE HIT 


Dielectric Constants 


Docano 1 . 

. 1-97 

(Hubs 

. 37-7-6 

Pure rubbor 

. 212 

Fused quartz 

. 3*78 

Paraffin wax 

. 2-2~2-3 

Sulphur 

. 4-0 

Rosin . 

. 2-5 

Gutta-porcha 

. 4-4 

Paraffin oil . 

. 2-55 

Booswax . 

. 4-75 

Vulcanized rubber 

. 2-7-2-95 

Mica 

. 5-7-70 

Shellac 

. 2-7-3-7 

Marble 

. 6-0-8-0 

Amber 

. 2-8 

Nitrobonzcno 

. 34-0 

Ebonite 

. 2-8-3 0 



... _ « 


Anotlfer thing whifth shows that there is a strain in the 


dielectric of a condenser is this—if the source used to charge 
the plates is of high enough potential difference, the insulation 
of the condenser may break clown and become conducting, so 
that a current passes across. The, dielectric can yield up to 
a point, but if the electric strain is too great, it gives way. 
The ability of a dielectric to withstand large p.d.’s is a different 
property .from permittivity; it is called the dielectric strength 


of *the insulation and must be considered in constructing 
condensers for high p.d.’s. The p.d. which a dielectric can 
stand without breakdown, when between a pair of parallel 
metal plates, is proportional to its thickness. Dielectric 
strength can, therefore, be measured in volts per cm. 


TABLE IV 


Dielectric St he smiths in Kilovolts /cm. 


Air 

. 30 

Pure'rubbor 

. 330 

Sulphur 

' . 33 

Paraffin wax 

. 600 

Minoral oils . 

." 50 80 

Aliea 

. 600-750 

Glass . 

. 75 -300 

£lulta-porcha 

. 830 

Vulcanizodi rybbor 

.*235 

Load gloss 

. 1000 

Ebonite . «. 

. 270-400 

Beeswax . 

. 1 100 


The volte per cm. between the plate<s is the \ydrk in joules 
done in carrying a coulomb 1 cm. on tjf.c way from one plate 
to the other. That is, it is tlje force which would act on a 
charge of one coulomb it were placed between the plates, 
and is the force whiyh would drive electricity along a conductor 
joining the plates. 

A 'third property of a dielectric is its insulation resistance. 
As stated in Chapter I, no substance is a perfect insulator and 
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consequently there is alway* a small leakage current flowing 
across between the pj^tes wen a condenser is charged. The 
values of the resistivities of some dielectrics in geqeral are 
given inf the table on page 3. 

3. Condensers in Series find Parallel. If two condensers are 
Connected in parallel as in Fig. 29, a larger charge *will be 
required to produce the same potential difference between the 
plates. Let the charge on thq first be Q 1} and its capacitance 
C v and the charge be Q 2 and capacitance C 2 for the second. 



Fig. 20 Fig. 30 

Contjtcnts rcns ix Parallel Coxdknsrrs in Skiuks 

Then Q L = C x V t and Q 2 — C 2 V. 

The total charge is (J x -j- Q 2 and Is clearly equal to 

(0i + 0JF, 

so that the capacitance of the combination is the sum of the two 
component capacitances. Condensers of large capacitance can 
thus be obtained by joining several smaller condensers in 
parallel. 

Condensers in Series*. When two condensers are con¬ 
nected in scries (Fig. 30), the capacitance of the combination 
is less than that of either. Let (jhe two condensers have 
capacitance C\ and C 2 as before, and connect them in circuit 
with a steady d.c. source qf current giving a potenfcnli differ¬ 
ence V. # 

A charge 4?ilows from the -}■ terminal of the source^to the -f- 
plate of the fif^t condefiscr. A charge* Q of the same value 
flows from the — plate of the first condenser to the + plate 
of the second condenser, and a charge flows from the — plate 
of the second condenser to the —* terminal of the source. There 
is a certain p.d., V v between the plates of tho first so that 
Q — C 1 V 1 and a p.d., V 2 , between the plates of the second 
so that Q,= C 2 V 2 . As there is ifo current in any of the leads 
"once the charges are established, none of these leads has any 
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p.d. along it. Consequently the fotal p.d., V, is equal to the 
sum of the p.d.’s on the two condensers. f * 

That i^, V x -h K 2 - V. 

If C is the capacitance of the combination of condensers 


K--«. v -9.. v -Q 
- ■ a,’ 2 " n 


Therefore, 


C 

Q_Q,Q 
c l\ 


a 


1 1 , 1 

° r 7 i = >r "I" ,< 

« ^ t , *1 <-2 * 

The rule obtained from this is that when condensers are 
connected in scries the reciprocals of the capacitances must 
be added to get the reciprocal of the effective capacitance. 
This holds however many condepscrs are connected in scries, 
since the charge on each is the same <ind the sum of the p.d.’s 
is the total p.d. 

Q ^ Q Q | Q , t 

/1 / T f't 'ft ‘ ' ’ 

ly 2 ^3 


so that 


/ t ft' 1 /t ' f" ft T • 

U wi Vj 2 ^ 3 


4. Energy Stored in the Condenser. Work must be done to 
charge a condenser. It is easy to find out how much work is 
required. To increase the charge by an amount q means the 
carrying of this charge from the negative plate round by some 
path to the positive plate, that is to q place where the potential 
is v volts greater. The work is thus simply vq, whatever the 
path followed, just As the work required to lift one pound of 
water from a tank low down to one higher up depends only 
on the difference of ‘height and not, on the particular way the 
ascent is rfiade. Now this addition to the charge in the con- 
densei raises the p.d. on it, and therefore the*, next charge 
must be raised to a higher potential ih taking across to the 
positive plate The p.d. v is equal to q/C if q is the charge in 
the condense i. 4 

Drawing a graph of*v on a base of charge q, a straight.line 
OA is obtained a£ shown in Fig. 31 because the ratio v/q is 
constant = 1/C ; OL/NL = Q. 

Let the charge in the concfcnser be OL before q i% brought 
across. The p.d. is NL. and, after q has been added the p.d. 4 
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becomes MP if LM — q. Tlio work which has been done is 
q x p.d. = LM y average lieight of shaded t^rip, so the 
work for a small increase of charge is the area of the shaded 
strip. With each new addition of charge the height of the 
corresponding strip is increased. The total work done in 
Charging the condenser to a final p.d. V — BA and "charge 
Q — OB is the area of the triangle OB A. Now the area of a 
triangle — \ base X height, ^id therefore the work 

-- 10 B x BA 

--- IgQV = $ - ICV* 

lx w 

This work is stored in the condenser and clln be recovered 
if the condenser is allowed to be discharged. As the condenser 



Kio. 31. vkkoy Stoked 

IX CONDENSER 


Fro. 32. Measurement 
of Capacitaxce 


discharges from charge — OB down to zero, the p.d. fails from 
BA down to zero following tlid line AO. At any stage 
the charge is OM, for example the p.d. is MP .and the next 
charge LM to leave is driven W the p.d. MP, and this does 
work PNLM in pushing it ®ut. The total work obt^lhed from 
the condenser is thus equal to OBA and is the same as the 
work spent in*qharging ij. The energy remains stored as long 
as the charge is kept in the condenser. 

5. Measurement of Capacitance. The capacitance of a con¬ 
denser can be measured by the following device. In Fig. 32 
G is th^condenser, 8 is a d.c. source of constant p.d., A is an 
ammeter, and the key movbs between the two contacts 1 and 2. 
In the position 1, the condenser is charged to the p.d. = Pof 
the source. In position 2, it is distmarged through the ammeter. 
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The quantity which passes at eacjh discharge is CV* coulombs. 
If these operations are repeated ubtimes^er second, the quan¬ 
tity of electricity passing through the ammeter each second 
is nCV , i.e. the average current through the ammeter is nCV 
amperes. The key is moved to an(l fro by an electromagnet 
fed with an alternating current from the public mains at/ 
50 cycles per sec. This frequency is very constant. The 
ammeter can be put in the charging line instead of the dis¬ 
charging line, and it will be found to give the same reading. 
The current passes through the instrument in separate pulses 
which follow one another too rapidly for tho pointer to respond 
to them separately, 'and it gives the average current, which is 
steady. Thus in«ihe expression / = nCV, I, n and V are known, 
and C is determined in farads from 



if 1 is in amperes and V is in volts. 

The unit of capacity, the farad, is a very large capacitance, 
avid in practice it is found, that the microfarad, /iF., which is 
one millionth of a farad, is a more suitable unit. Condensers 
whose capacitances are very small fractions of a microfarad 
are used in wireless circuits. The sensitiveness of the current 
measurer, the ammeter in the experiment just described, must 
bo chosen so that it is suitable for measurement of the current 
I — nCV. For example, if n — 50, and V —- 200 volts from 
a h.t. battery, nV — 10 000 and 1 microfarad will give a 
current of 10 milliamperes. If a wireless variable air condenser 
of maximum capacitance 0-0005 juF. is tested, a mirror galvano¬ 
meter 6f moderate sensiti vity \yill be required, as the current 
will bc„ q microamperes under the, same conditions. The 
variation V)f the capacitance of an air condenser with the 
position of the vanes, or the increase of the capacitance when 
the condenser is immqrsed in an insulating oil,., can be readily 
measured in this way. * * 

6. Condensers in A.C. Circ’iits. The capacitance of a con¬ 
denser can be measured, as has been scon, by arranging a 
vibrating switch to charge ana discharge the condenser from 
a spurce of steady d.c. p.d. As the charging current and the 
discharging current flow alopg different conductors, they can 
be measured by using an ammeter suitable for measuring 
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direct current. The pointef of this instrument sets at the 
average value of the current pulses, which are always in the 
same direction. Fig. 33 gives a graph of the pulses current 
charging the condenser. The average current is shown by the 
dotted line. The area unefer this line is the sum of the areas 
Shaded under the “saw tooth” curve. The reading gives the 



Fid. 33. Current in Fit;. 34. Current in 

Galvanometer Condenser Lead 



steady current which wmfrfr deliver the same number of 
coulombs per sec. as the pulsating current. 

Now, if the ammeter is put in a part of the circuit where 
both the charging and discharging currents flow, that is, 
between the condense* and the l^ey in Fig. 32, there will 
be no deflection of the pointer, for it will be urged equally in 
each direction alternately, and as it cannot respond rapidly 
enough, it will remain at rest. 

The current pulses in this part 
of the circuit are shown in 
Fig. 34. As the charge that 
enters the condenser is equal 
to the charge that leaves it in 
any long interval of time, the 
area above the zero line is , 

equal to the area below it* This is an alternating current and 
the direct current instrument reads zero. The pfd. at the 
terminals of ^fie condenser rises as the charge increases and 
reaches a steady value equal to that of the source Tintil the 
switch is changed over find discharge begins. The p.d. then 
falls to zero in the same way as the current decline shown in 
Fig. 27. The curve of rise and fall of pf.d. is shown in Fig. 35. 

The p.d. thus rises and, falls about an average value equal 
to half the maximum p.d. The changes in this value can.be 
simply described as— I 

• 1. A steady p.d. = F/2. % 


Time 
Ftg. 35 

P.D. Across Condenser 
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2. Added to this an alternating p.d. which cfiangcs from a 
maximum ofrf- ( V/2) to a minirmim of — ( Vf2)\ the change 
from either value to the other taking place in the same manner. 

The curve in Fig. 36 shows this alternating p.d. separated 
from the accompanying steady p.d/' 

It is 'possible to have in the same circuit a direct current 9 
with a steady p.d. and an alternating current with the corre¬ 
sponding alternating p.d. In the case just examined, the 
behaviour of a condenser in a circuit is shown. The steady 
p.d. and the alternating p.d. together cause only an alternating 


v 


C/ 



Fig. 36 

A.C. P.D. Across Condenser 



Fig. 37 

Alternating Voi/tage 


current; the steady p.d. sends no current through. The con¬ 
denser passes alternating current, but prevents pny direct 
current passing round the circuit. 

Referring to Figs. 27 and 33, it is seen that if the current 
in a circuit is plotted on a time base, the area under the curve 
is the amount of charge which has passed. As the charge 
which flows into a condenser raises the p.d. in proportion to 
the charge (in fact, the p.d. is the charge divided by the 
capacitance of the condenser), the p.d. on the condenser into 
which the current is flowing is? equal to the area under the 
curve divided by thp capacitance. 

The behaviour of a condenser in a circuit with an alternating 
p.d. is interesting and very important. The type ,of alternation 
aimed at* in a generator of alternating voltage is a smooth 
and regular rise and fall in each direction as in Fig. 37. This 
is repeated regularly, so that the maximum p.d. in the positive 
direction at A and E, &nd so on, is the same and is equal to 
the maximum p.d. in the negative direction at G and so on. 
Thft p.d. changes gradually without any sudden jump in value 
or in the rate of change as skown by the slope of the curve. 
In fact, the ideal alternation can be seen by looking at a point 
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on the rim*of a wheel, turning at a uniform rate, from a point 
of view in the pl&ne of the \weel (the wheel must* be imagined 
to be transparent). The point P (Fig. 38) rises and falls in a 
regular Way. Looked at from the side, P is seen going round 
a circle with uniform speAl. The angle OP makes with the 
Starting line OA increases 
steadilv. If the wheel turns 

a 

through an angle at in eacji 
second, then in t seconds from 
the start it has turned through 
an angle equal to cat, soihat the 
angle AGP -- cot. The height 
of P above the direct line of 
view’ is PM and when seen edge¬ 
wise M and A fall together, 
so that M appears to be at r<?st and P seems to rise and fall 
along a straight line. If equal distances round the circumfer¬ 
ence of the wheel are marked with calipers, it is known that the 
circumference of the wheel moves through each of these, spaces 
in the same time. Measure the Ijpight of PM when P haU 
moved through each space. That is, measure the perpendicular 



Fk* ,)H 

Natu an of Alternation 



Fig. 39. Construction of'Wave Form* 


• • * * 

distance of each point of tlifc circumference from 6L4*and draw 
a graph of these heights on a base of time. 

A curve is oTatained like that shown in»Fig. 39. 

It shows how 1 the p.d# rises and falls smoothly with time. 
If such an alternating p.d. is applied to the ends of a wire, 
the current rises and falls and reverses .with the-rise and fall 
and reversal of the p.d. TJie current at any instant is V/R and 
the graph of the current can be drawn directly by dividing 
each ordinate PM of the curve bjltho value of the resistance R. 
• • * This is called l sine wave. 


54 FOUNDATIONS OF TECHNICAL ELECTRICITY 

It is clear that a curve of the same shape will Be obtained, as 
the p.d. curve has merely been cfianged in sfcale according to 
the value of R. The current rises arid falls with the p.d. 
exactly m step. 

Now, let such an alternating p/d. be established across a 
conderisor whose capacitance is C. Current will flow in and 
out of the condenser in such a way that the charge in the 
condenser is at any instant eqqal to Cv, where r is the p.d. 
at that instant. That is, the charge in the condenser at each 



Fro. 40. Charge, P.D., and Uoukisnt Curves 

instant can be shown by a similar curve to the p.d. curve in 
which each ordinate equals PM multiplied by the value of the 
capacitance C. 

Xo sum up, Fig. 40, if the alternating p.d. has a maximum 
value F, its variation can be represented by the help of a line 
OP of length V rotating round O, so as to complete one whole 
rotation in the time of one complete alternation of the volts. 
The p.d. ^it any instant (-- v volts) is equal to the length of 
the line PM. The current at that instant that would flow 
in a resistance R ohms to which the p.d. is applied would be 
equal to r PN, if OT — c VjR — /, where* / is the maximum value 
of the current. TN is therefore equal to PM jR — v/R for 
every posit ion of the line OR as it is rotated. The charge at 
any instant in a condenser with its terminals connected to 
the supply of p.d. would bo obtained from a length O'Q along 
0P t equal to C.V — C.OP — Q >vhere Q is the maximum 
value of the charge. The charge at this instant is QL, for 
QL = C.PM •— C.v. The cur ves showing the current / in a 
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resistance R ohms and thejpharge Q in a condenser of capaci¬ 
tance C farads fare shown m Fig. 40. , 

A knowledge of ftie current flowing into and out of the 
condenser is generally of more importance than a knowledge 
of the charge. From O tt) A the charge is increasing^ rapidly 
► at first but at a diminishing rate until at A the charge is a 
maximum and is not changing. 

During this time the cuiyent, which, as has been seen, is 
the rate of change of charge, i.e. the slope of the curve OA , 
falls from OE at 0 where the condenser is being charged most 
wipidly, to zero at /£, where momentarily the charge in the 
condenser is not changing. The current %urvo EF is obtained 
by plotting for every instant the slope of the charge curve 
OA. The remainder of the current curve FOUK is obtained 
from the charge curve A ROD in the same way. From A to B 
the condenser is being discharged; slowly at first and at the 
maximum rate at B where the charge is zero. Current during 
this period is flowing out of the condenser, i.e. in the reverse 
or negative direction. The current curve FO is therefore 
drawn below the axis,^md the current is zero at F and reaclibs 
a negative maximum at (/. From B to IJ the curves BCD and 
GHK areJJAB and EFG repeated with the sign everywhere 
reversed. During this time the condenser is charged in the 
opposite direction (what was previously the positive terminal 
is now tlic negative) and discharged; the charge is a maximum 
at C. At D the conditions arc* once more exactly the same as 
at O, and the whole alternation or cycle ., as it is called, is 
repeated over and over again as t long as the supply is main¬ 
tained. » 

The shape of the current ciywe itf seen to be similar* to that 
of the others, but it doqs not reach its maximum o;* cross the 
base line at the same tim<5 as they do. The various stages of 
the current alternation occur one-quarter of a cycle earlier 
than the same, stages ofttlie charge or v£ the p.d. alternations. 
The current wave is oift of step with the p.d. wave by one- 
quarter of a cycle and is in advance. The current is said to * 
lead the p.d. by one-quarter cycle. Thb maximum value of the 
current is equal to the maximum rate of change of charge and 
this is equal to the capacitance multiplied by the maximum 
rate of change of p.d. The pjl. is rising fastest when the 
point £ bn the circle is passing fhrough the base line at A in 

5—(T. 49 ) * * 
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Fig. 38. The rate of rise at that stage is easily calculated, as 
it is simply thp upward velocity or>P, an£ that is the same as 
the speech of P round the circle. If P goes round n times per 
second, since each time round it moves through a distance 
equal to the circumference, which isf 2n x OP, in one second 
it moves through n x 2tt x OP — 27 m V, and this is the speed 
of P. The greatest rise of p.d. is therefore 2nn V in volts per sec. 
The greatest value of the current is then 

C x 2t mV = 27mOF - coCV, 

writing, as is usual and as has been done on page 53, co for 
27m. 1 

A line from winch the current curve can be constructed in 
the same way as the p.d. anti charge curves can now be 

found. Tt is drawn as OP equal to 
coCV - aiC X..OP at right angles to 
OP as in Fig. 41. OP represents tho 
alternating p.d. as it rotates and OF 
will represent the current charging the 
condenser in the same way. At any 
instant such as that corresponding to 
tho positions of OP and OF t as in the 
figure, 

PM — p.d. at that instant, 

FI =z current at that instant. 

FI rises and falls and revorses one-quarter of a turn in front 
of PM as the current does and it readies the correct maximum 
value, coCV. * 

Curves like those in Fig. 40 cap be drawn to show the values 
at various times of any alternating quantity. In such a 
diagram thb essential facts are— 

(1) Che maximum value, = 

(2) the number of cycles per sec., * • 

(3) the times at which maximum and zero values are 

reached. v 

* r 

1 

Any method which gives these three things will tell all that 
is necessary, because, by the help of the circle with a rotating 
radius, the curve showing thfc quantity on a time base can 
then be drawn. In drawing hhis curve, it is necessary, first 
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of all, to draw a circle with centre 0 and radius equal in length 
to the maximum va^ue. THis shows fact (1). % 

Next, write on the circle the value of a> — 2im, fact (2). 

TheA a radius of the circle is drawn showing the position of 
the rotating line at some? instant from which the time can be 
reckoned, fact (3). * 

If it is wished to draw the curves for several related alter¬ 
nating quantities, a radius,for each can be drawn with its 
proper length (1) and direction (3) and the value of w which 
is the same for all can be noted. Then the circles can be drawn, 
and the curves. Cererally, it is necessary to go no further 
than to draw the lines in their proper Idhgths and directions, 
for they show all that is needed, and they* can be used for 
calculation and study without the trouble of drawing the 
curves. 

For example, a condenser 6f 2 /*F. capacity is connected to a 
source of p.d. of 20 volts maximum value .and 120 cycles per 
sec. What is the current ? 

Draw a line OP = 20 volts to represent the alternating p.d. 
Draw a line OF at right angles OP and mark off on it* a 
length cuCV — 2n X 120 X 20 X 2 X 10~ 6 — 9*0 X 10 -3 
amperes, 'Hiis represents the current required. The maximum 
value is 9-0 milliamperes and is cycle or 90° in advance of 
the p.d. 

The relation between the current through a*condenser and 
the applied p.d. may be written I = ja)CV. Tin; letter j is used 
to mean a right-angle turn of the lino OF forward, i.e. counter¬ 
clockwise from the direction of 01*. 

If the magnitude of the current only is considered and not 
the position of the currcnt-J:.imc 'curve in relation* to the 
p.d.-time curve, it is sufficient to write I a>C V. Comparing 
this with Ohm’s law for a circuit with resistance* / — VjR, 
it is seen thaj the condenser opposes the passage of the current 
to the extent of 1/caC ohms, since / — c»GV can be \trjtten 



m coC 


\/o)C is called the reactance of tie condenser at the frequency 
t f ~ n f= ’w/27r. It is not the 'jpame thing as a resistance. 
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although it is measured in ohms, for the current'is not in step 
with the p.d. \ * 

Resistance and reactance behave differently in a circuit 
though each opposes the passage of the current in its own way. 
The important difference between them is this; resistance in 
a circuit causes a wastage of energy = RI Z joules per sec., 
and this energy is converted to heat and is not recoverable by 
the circuit. Reactance causes no f wastage of energy at all, the 


R 
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Fin. 42 . Capacitance ami 
Resistance in Series 



condenser takes in energy as it chargers up and Teeds that 
energy back to the circuit undiminish eel as it discharges. The 
two may be cofuparcd with friction and elasticity in mechanics. 
Energy spent in overcoming friction in any movement is 
converted into heat and does not help the mechanism in any 
way. Energy spent in compressing A, spring is returned by the 
spring when it expands. The energy is in the; meantime stored 
in the compressed spring. •• 

The effect of a condenser in series with a resistance when 
an alternating p.d. is supplied to the circuit can be found in 
a way o similar to the last example. Let the resistance (Fig. 42) 
be R ohinc, the capacitance C farads, and the vqltage of supply 
be V volts maximum at a frequency a: — wJ2rf cycles per sec. 
Let the current in the circuit be 1 amperes, maximum, and 
the maximum p.d. across R be F x and across C be V 2 - Then 
V 1 RI and V z ,/= Ij(oG with I and V x leading V& by a 
quarter cycle. 

llet the radius representing the current at a particular instant 
be OF (Fig. 43). r 
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Then . * \\ = /J x OF - OP 

and F 2 = -L x OF = OG 

cjU 

t 

where OG is drawn at right angles to OF. 

> The value of the total p.d. at any instant is the sum of the 
heights of P and G above OX , the base. As GN is below OX 
the p.d. on the condenser is*as it happens opposite to that on 
the resistance at this particular instant, if PQ is drawn 
parallel and equal to OG, the height QL of Q above OX is the 
total p.d. at the instant for which the diagram is drayn. As 
OP and OG rotate together and keep fixed in size the triangle 
OPQ also rotates without alteration, and at •each instant the 
height QL of Q above OX gives the p.d. total. OQ must there¬ 
fore be the value of the maximum p.d. ----- I', and must be the 
lino from which the total p.d 1 .-time curve is drawn. 

As OPQ is a right-angled triangle 


o<p —or* i pq, 12 

a, va-JW+Jk I J c .] 

thus ’ V = IJ IP | J c ,J = IZ 


where Z is a constant of the circuit at the frequency considered. 

The effective or total opposition of the resistance and 
capacitance in series is not got by adding their oppositions by 


simple arithmetic, but by geometrical addition. 

Z = / IP 4- is called the impedance of the*circuit. 

V L co 2 c* j „ , % . 

The impedance is made up of two parts, the resistance It and 


the reactance 1 jcoC. These are added by drawing themes the 
sides of a right-angled triangle, when the hypotenuse is their 


sum. 




The angle QOP is of importance also, as it is necessary to 
know this angle as well as the lengthy OP ancL OQ in order 
to draw the two lines OQ and* OP from which the p.d. and 
current-time curves of the circuit may be determined. Jjb is 
called the phase angle betweel current and p.d. and can 
readily, bt$ measured from the diagram. 
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The lines that represent the current and p.d. are called 
vectors as thqy are added in the same way (compare the 
parallelogram and polygon of forces) af? vectors are added. 
They have magnitude, direction and sense, but they<do not 
represent vector quantities and are not true vectors. 

The case of a condenser C in parallel with a resistance R 
across a supply of p.d. V is readily dealt with in the same 
way. Let I be the total current (Fig. 44) from the supply, l x 



Fig. 44. Capacitance and Resistance in Parallel 


the current in the resistance, / 2 the current in the condenser, 
and V the p.d. of the supply which is common to both the 
resistance and the condenser. In the line or vector diagram, 
OV — V, 01 x — V/M drawn along OV, and Ol 2 = coCV drawn 
at right angles (loading) to OV. 01\ and OI 2 added ycctorially 
(by the parallelogram law) give 01 as the total current /. 


Clearly 


i.e. 


OP 01* + 0/ 2 2 
V 2 

P - ~ f wW 2 
* 



Tf Zk is the impedance of the parallel circuit, since 

v = iz ; ' v 


Z = 


'7k® 


-f or 


" i_ co : C2 ] 
R 


V(1 h o> z C 2 R 2 ) 
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It should be noted that if R is very large (o 2 C 2 R 2 is very 
large compared»witk 1 and'Z = 1/coC very nearly; the con¬ 
denser only is of importance. If C is very small, co 2 C z R 2 is 
very sihall compared with 1 and Z = R\ the resistance only 
is of importance. • 

* As has been mentioned before, a condenser in an a.c* circuit 
absorbs no power; all the power taken from the supply is 
absorbed in the resistance parts of the circuit. The power in 
the resistance at any instant is i 2 R, where i is the current 
in the resistance at that instant. The power absorbed over a 
period of time is accordingly the average value of i z R. or the 
mean value of the square of the current multiplied by the 
resistance. If therefore the root mean squaifc of the current 
is Ir.m.x., the power is simply l 2 r .m.x. X R. It has been 
shown in the first chapter that generally when alternating 
currents are in question they are measured by their r.m.s. 
values; the square of these values multiplied by the resistance 
gives the power. 

Alternating current supplies approximate very closely to 
the type shown in Fig, 39 and in yds case it is readily showh 
by elementary trigonometry* that the mean square value of 
the current is one-half the square of the maximum value, 
i.O. Ir.m.x. ~ Imaor/^I’ 

The power is also given by the mean value of ri, where v 
is the p.d. across the resistance at any install?, and i is the 
current in it at that instant. Since 


and 

the power 


v —nR 

V — 7 It 

• r.m.s. — J r.m.s. , 

P - I\ v ,. R * 

J.Ir.m.x. X R) X I r.m.s. 
== Vr.in s. If 


\ * 


.mi. v. * r.m.x. 


• « 

If r.m.s. valfles are u|cd the power spent in a resistance is 

* Tho typo of curve of Fig. 39 is expressed by i — I max sin c ot. The 
value of i a is accordingly given by « , • 

* * = ^max * 

= f - i cos 2 cot) 

The mean value of cos 2 cut over a «Iycle is zero. Therefore the mean 
.value of,i 2J is $I 2 max - [ 
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given by the product of the p.cL across it and the current 
through it. I£, however, the maximum values'are given, since 


f 


and 

« 

the power 


v max = (V2)V,,„.». 

Imax {“s/ ntn.s. 


P- 


' max 

V 2 


1 max 

y/2 




w * 

2 r max 


I 


max 


It very often happens that the p.d. across, and the current 
through, the resistance parts of an a.c.^circuit are not separ¬ 
ately known, but only the p.d. across the whole circuit, the 
current through Mie circuit and the phase angle between them. 
Referring, for instance, to Rig. 43, V — OQ is known and 
/ = OF , and the angle POQ — <f) between them. It has been 
seen above that the power in the circuit (using r.rri.s. values 
for p.d. and current) is I x V lt i.e. OF x OP. if OP is not 
known, it can be found by drawing QP perpendicular to OP, 
or in other words, it is the projection of the p.d. vector on the 
current vector. This rule h^lds in all circuits, however compli¬ 
cated. The power is given by the product of the length of 
the current vector and the projection upon it of the p.d. 
vector (or what is the same thing, the product of *the length 
of the p.d. vector and the projection upon it of the current 
vector), the letigths of the vectors being the r.m.s. values of 
the quantities they represent. 

This rule can be written 

power = V t I x a constant 


where Ijhe constant Is the,ratio of OP to OL and is known as 
the power factor of the circuit.* 1 

The dhLrges on the plates of a, condenser have been dis¬ 
cussed, bul these charges are not the only ones present. The 
leads to the plates and any conductors connected to them are 
charged*, and only differ from the condenser pla'tes in having a 
smaller aren and in being a great distance apart. There is 
capacitance associated \vith a'il parts of t}ic circuit, but as the 
capacitance between ‘two conductors is proportional ^ to the 


ratjo 


area 


the capacitance of the leads is in general 


distance apart 

The power factor is cf s <f> in the case considered! 
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too small, to produce any noticeable effect. Two exceptions- 
must be made. tThe first is -the case of the maiiijs from an a.c. 
generating station, particularly if they are long. The capaci¬ 
tance <rf the leads may allow an appreciable current* to pass. 
The other case is when the frequency of alternation#™ high. 
The reactance of a capacitance C is 1 /coC, and this Vs small 
when co = (27r X frequency) is great. At wireless frequencies of 
a million per second and thereabouts a very small capacitance 
may allow a relatively large current to flow. 

7. Electric Charges. It is necessary to get some idea of what 
really occurs between.the plates of a charged condenser, and 
this can be done by examining the behavicfUr of electric charges, 
how they are produced, and how they act on #>ne another. 

Electric charges are concerned in a particular way in the 
conduction of electricity by solutions (electrolysis). Each atom 
of a metal is accompanied hj a definite charge of electricity. 
It holds to it, and these charges only travel through the liquid, 
and into or out of the electrodes, with the atoms of the metal. 
This electric charge appears to bo a part of the structure of 
the metal atom and eapnot be removed from it. This is made 
clearer by every discovery in the study of electricity since 
the time of Faraday. Again, when two bodies are rubbed 
together, or even when they are merely placed in contact and 
separated, charges of electricity are often found. If care is 
taken in the insulation of the bodies, charges jfre found to be 
produced in every case. Some wear occurs whenever two 
bodies touch or rub, even though it be extremely small, and 
along with the removal *of material at the surface which 
constitutes wear there, is removal of electric charge. When 
this method of producing changes rfc studied, it is found that 
there are two kinds of,electric charge. .These ha^e, exactly 
opposite properties, and when present in equal amounts they 
neutralize one another’s influence. These two arc .called 
positive and 'negative respectively to express this exposition, 
but negative charges itre as actual and real as the other 
sort—positive charges. Actually the charges taking part 
in the flow of electricity in a wire arc? pf the so-called nega¬ 
tive kuid, but both positive and negative charges are active 
in electrolysis. . 

If a glass rod is rubbed with ^ilk or fur, it is found that it 
will atljr&ct light pieces of matei|al, such as feathers or scraps- 
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of paper. It is charged or electrified. Now suspend it in a 
paper stirrup _by a silk thread so lhat it can turn round hori¬ 
zontally. Rub another glass rod and brifig it near to one end 
of the first. The suspended rod swings away; it is repelled. 
Now rub an ebonite rod with flannel and bring it near an end 
of the ^hspended glass rod. The glass rod is attracted. If an 
electrified ebonite rod is hung up, it will be attracted by an 
electrified glass rod and repelled ]iy an electrified ebonite rod. 
The charges produced on the glass and on the ebonite are 

clearly different; that on the glass is posi- 
3 tive and that on thp ebonite is negative. 
It appears then that similar charges repel 
and dissimilar charges attract one another. 
Care must be taken that the rods and the 
rubber are as dry as possible, or the 
charges produced hy rubbing may leak 
away to earth through a film of moisture 
on the surface of the rods and the body. 
The nature of the charge, whether it is 
positivc c or negative^ produced by friction 
is liable to vary with pressure or other 
!■.aT i * circumstances. If the surface of a glass 
: rod is roughened with emery, il is gener¬ 

ally found to get a charge when rubbed 
with silk opposite to that produced by rubbing a polished 
glass rod with silk. Two rods of the same material rubbed 
together get opposite charges. The amount of charge obtained 
and its nature depend on the particular way the surfaces 
are disturbed in the, rubbing. Equal charges of positive and 
negative electricity are always obtained. 

For tlj,o g detcctionpf charges the goljl leaf electroscope is the 
most convenient instrument. Thi£ consists, Fig. 45, simply 
of a njetal rod with two narrow strips of gold leaf B fastened 
side by side at its lower end. The red is supported by and 
passes through an insulating plug in the top of a metal box. 
The box has glass sides to allow the leaves to be seen. The rod 
generally ends in an horizontal metal disc A at the top. If 
there is a charge* on the electroscope the leaves repel one 
another, as they have charges of tue same kind. If a body 
charged with the same kind df electricity is brought near the 
plate at the top, the repulsioj: of like charges for ond another , 



Fig. 45. Gold Lj 
Electroscope 
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drives the .charge down into the leaves to # a greater extent, and 
their charges buing increased, the leaves repel one another 
more strongly, and tHby diverge further. If a charge of oppo¬ 
site sign is brought near the plate, the attraction of Opposite 
charges for one another draws the charge up to the pltyte from 
•the leaves and they fall closer together. This is a • simple 
means of finding what is the sign of the charge on a body and 
of showing the opposite belyiviour of positive and negative 
electricity. 

Now consider what happens when a charge (say positive 
in a body C) is brought near to the disc A when there is no 
charge on the electroscope. The positive? charge on C # exerts 
a force on positive charges near it, repelling them; it also 
exorts a force on negative charges, attracting them. There is, 
therefore, a force along the conductor AH urging positive 
electricity from the plate,to the leaves. This force gives a p.d. 
along the rod making A a higher potential than H. By Ohm’s 
law a current flows from A to B carrying a charge to the 
leaves. That is to say, a positive charge is produced B on the 
leaves. Where does tjie electricity come from? The only 
explanation which will fit this case, and all other cases as well, 
is that in the original uncharged electroscope rod and leaves 
there was a* large amount of both kinds of electricity, and that 
these two were equal in amount and so exactly neutralized one 
another’s effects. The same effects of a euribnt would be 
produced if the positive charges moved down the rod as if 
the negative charges moved up it. In both cases there would 
be positive electricity surplus in the leaves and negative elec¬ 
tricity surplus at the top. It cannot be tqjd from this experi¬ 
ment which electrieitv moves or Whether both moviS. The 

ft 

movement of electricity--the current—ceases when J-hp whole 
conductor, consisting of pktte, rod, and leaves, is a1> the same 
potential, i.e. when there is no energy available to gnriove 
electricity about on them. Such is the* case when *thc force 
on any part of the positive charge at the bottom, B, of the 
rod due (i) to repulsion of the rest of the positive charge near 
it at B, and (ii) to the attraction of thef negative charge at the 
other e*d, A, of the rod, just’balance the'repulsion of the 
positive charge at C. When the charge C is taken away the 
forces, repulsion of like and attraction of unlike charges, cause 
,currents to flow in the rod unti^ again a balanco is reached. 
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1 • 

The two charges mingle until there is no surplus.. charge in 
any part. * „ 

If a piece of silk or other suitable rubbihg material is wrapped 
round a* rod of glass or ebonite, etc., and the rod is. turned 
round ifi the wrapping and brought, still wrapped, near an 
electroscope, no effect on the leaves can be seen. But if the* 
wrapping is taken off and either the wrapping or the rod is 
brought near the electroscope, the leaves will separate equally. 
This shows that both have been charged by the rubbing 
and that the charges are equal. Electricity is never gener¬ 
ated by any operation performed, but the two electricities 
which'are present a£l the time can he separated by various 
means and drawn apart. To draw them apart means doing 
work—spending energy—and any agency which spends energy 
separating the two kinds of electricity is called an electromotive 
force. The amount of the electromotive force is measured by 
the p.d. in volts it can cause, that is, by the work done in 
separating one coulomb of positive from its partner coulomb 
of negative electricity. The charges which have been separated 
will do'the same amount work in coming together as has 
been spent in separating them, for, at each stage of their 
coming together, the force pulling them together is the same 
as it was at that stage while they wore being separated. All 
electric sources are means by which energy is spent in separat¬ 
ing the two kinds of charge, in cells the energy comes from 
chemical combinations, and in the dynamo and alternator it 
is supplied by the engine which drives the so-called generator, 
in the production of charges by rubbing, the work of separating 
the charges is a part of the work done against friction. 

8. Electric Flux. How will an electric charge act on another 
charge bjj.a force across empty space ? The reason is that the 
charge causes a strain in all the space round it, and another 
charge when put in this space is affected by the strain and is 
drawn towards the first charge if it is of opposite kind, and 
repelled if* it is of the same kind. Tilts strain is the flux that 
was spoken about when discussing the condenser. 

The following simple •experiment is of great value in obtain¬ 
ing a mental picture of what happens in electric fields* as the 
spaces in which electric flux exists io frequently called. 

Two strips of tin-foil are jfasted on to a glass plate parallel 
with each other and a centimetre or two apart, and small 
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gypsum c^yst&ls are scattered all over *the plate. Then the 
strips are connected to the terminals of a Wimshurst or other 
“influence” machine tohich will establish betwceA them a p.d. 
of 3 000 volts or more, and the glass plate is gently*tapped. 
Between the tin-foil strips ^he crystals will arrange thepiselves 
4n parallel lines at right-angles to the tin-foil, and at the ends 
of the strips there will be some bulging lines, but on the rest 




(a) 




of the plate there will be no alteration in the haphazard 
arrangement. The general arrangement is shown in Fig,4b («), 
where only those crystals which have arranged themselves in 
a particular manner arc Shown. * „ ’ 

What happens in this two-dimensional experiment can 
safely be takfsn as indicating what happens throughout the 
space between the plates of a parallel plate condensdr. The 
gypsum crystals show the direction of the electric flux. 

In the second picture (Fig. 46 (6)^ the teripinals of the 
machine are connected to a tii*i-foil dis'c apd a surrounding 
(distant) border; the disc ban be taken as being a cross-section 
of an isolated charged sphere. Thte crystals arrange themselVes 
in lines radiating from the centre yf the disc. 
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In Fig. 46 (c) two* discs are shown, together with the line 
pattern traced by the crystals under the same conditions. 
This gives an idea of the electric flux bitween two oppositely 
charged*spheres or cylinders (such as telegraph conductors). 

In F^g. 46 (d) the two discs 1we been connected to one 
terminal of the machine and the surrounding strip to the others 

If these lines traced out by the gypsum crystals are imagined 
to have an actual existence, beiijg attached at one end always 
to a positive charge and at the other end always to a negative 
charge, and to be in tension along their length and in com¬ 
pression across their breadth, so that f-hey are always trying 
to slioVton and push outwards, the attractions and repulsions 
of electric changes will be explained, qualitatively, and if 
further the density of the lines crossing a normal area is made 
to depend on the magnitude of the forces produced, the lines 
may be used quantitatively as well.. Thus an electric field or 
electric flux may be defined at any point by the direction of 
the lines and their number per square centimetre at that 
point. 

» Take a charge by itself,of + Q coulombs on an insulated 
brass ball, for example. All round this bail there is electric 
flux. The flux is symmetrical and is along the radii drawn 
outwards from the ball. This flux can be represented by lines 
drawn out along the radii from the centre through the space 
around. Each line represents so much flux, say, unit flux, 
outwards from a positive charge and inwards to a negative 
charge, liko the lines of current flow from the electrode buried 
in the earth that was discussed *m the last chapter. The 
direction of the flux, is the direction in which a positive charge 
would move. ‘ 

Let the total fliqc leaving the ball be X F lines; this will be 
the total iiux through any closed surface surrounding the ball. 
If a sphere is drawn of radius r with its centre at the centre 
of the baM, the surface area of the sphere is 4-srr 2 and the flux 
density* or lines per unit area through ^he sphere is D — l F/47r/ 2 
lines per cm. 2 « 

If an electric chargp # is put at a point on the sphere it will 
experience a force’along the ra'dius, i.e. along the flux line, and 
if the charge on the ball is Q, the force on each charge will be 
proportional to the product bf the two charges and inversely 
proportional to the square of the distance between them; i.o. t 
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the force is proportional to Qqfr 2 . This law was established 
experimentally by a scientist named Coulomb. Actually if 
Q and q are in coulonlbs and r is in centimetres the force is 
given in tlynes by 

On • 

% ^ X 9 X 10 18 

r 1 


Let q be imagined so small that its presence does not appre¬ 
ciably disturb the symmetry of the field. Then it is seen that 
both the flux density and the force on the small charge are 
inversely proportional Jo the square of the distance from the 
ball, and if a suitable unit is chosen for the 11 ux the fordo can 
be measured by the product of the flux density.and the charge 
q. This value is to be found by making l)q equal to ( Qq/r 2 ) 
X (9 X 10 18 ); i.e. it is found from the equation 


x v 1 

4 nr 2 q ^ 


x io» 

r l 


giving X F - ~ 47 tQ x 9 x 10 18 

i 

The fact that the fluy density can be used to measure the 
force on a charge at any point in a field, and the lines of flux 
used to find its direction is thus shown in the simple case of 
a charged ball. Actually it is found to hold in all eases however 
complicated. 

Using the; inverse square law, the electric field in the cases 
of Fig. 40 (c) and (d) may now be mapped out accurately by 
exactly the same construction as that used in Fig. 21, page 31, 
to find the lines of current How. 

The factor of 47 t is kept separate from tin, 1 rest because it has 
to do with the area of a sphere^ Hut 9 X 10 18 is an enormous 
number, and it teaches an important fact about the forces 
between charges of electricity. The dyne is a very small force, 
about the magnitude of the force; exerted by a small fly beating 
one of its wing* If a large enough number of small ihings bo 
taken, they may amount to a great deal, in this ease nearly 
ten thousand million tons. This would bo the force exerted 
between two charges of 1 coulomb each if they could be brought 
to a distance of 1 cm. from each other. Clearly that is an 
impossibility. The force of repulsion or attraction would be 
very great with charges much less than one coulomb, so that 
# chargg greater than a tiny fraction of a coulomb cannot be 
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accumulated on any conductor. A lightning flash discharging 
a cloud sometimes conveys as much as a coulomb. A charge 
of this size, collected in the cloud befole the flash, makes the 
electric' field so intense that it breaks down the insulation of 
a grea^ thickness of air. * 

9. Capacitance of a Parallel Plate Condenser. An expression 
can readily be obtained for the capacitance of a parallel plate 
condenser. Let the area of the,.plates be A sq. cm. and their 
distance apart be d cm. If the charge on each plate is Q 
coulombs, the total flux is — 47 tQ X 9 x 10 18 , and since 
this is uniformly distributed across thp area of the jilates and 
the lines go straight across from one plate to the other, the 
flux density I) at any point between the plates is 


I) - X Y/A = 4t tQ X 9 x 10 l8 /d 


and this would be the force in dynes on a charge of one coulomb 
placed between the plates. To carry this charge a distance 
d from one plate to the other would involve work to the extent 
of forpe X distance, i.e. JC)d m dync^cm., oi l~-)d X 10 ^ in 
•joules, and r , 


Dd X 10- 7 ~ ArirQd X 9 X 10 n /d 


But the work done in carrying a charge of <5ne coulomb 
against a p.d. of V volts is V joules, and if V is the p.d. 
between the plates, 


V = 47TQd x 9 x 10 1J /A 

and the capacitance of the conddnser, which is C — Q/V, is 
given in farads by , 

r _j A % 1 

. , .4 nd X 9 X 10" 

t. * 

If the condenser consists of a number of plates n as in 
Fig. 47, jbliere will ty? (n — 1) electric fields involved and the 
capacitance as obtained by the abovie expression for one field 
must be mult iplied by (n — , 1 ). 

If the dielectric constant of the insulating medium is k 
instead of unity fier air, the expression must be multiplied by k. 

To get 1 farad would require an* enormous area in sq. cm., 
and this is due to the faotdr 9 X 10 11 which comes from the 
measure of the force betweep two coulombs at 1 cm. distance. 
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It is not to bo*wondered at that a microfarad (— one-millionth 
of a farad) is a capacity of more usual occurrence. 

If the dielectric is# not air but some other fnsulator, the 
capacitance will be 


_ 

4ml X 9 X 10 1 ' 


farads 


The flux per cm. 2 is ^ x ■in X A x 10 18 as before and as 

J 1 


Q 


K 


A 


V. 4ml X 1) X 10" 

Q * 

the flux per cm. 2 is 4 x ^ X A X 10 18 

A 

« •' d 


But ( Vjd) X 10 7 is the force in dynes on 1 coulomb, so the 
force on 1 coulomb is no longer the number of lines of flux per 
cm. 2 between the plates. • a 

The force on 1 couldtnb is then F)/k or 

fielej strcngli — e — D/k 

KIux per cm. 2 
Dielectric constant • 


In other words, flux density 1) = k times field strength. 

10. Electrostatic Voltmeters. It is seen that the interesting 
parts of the phenomena are what occur in the field. For given 
charges the forces depend on the material*occupying the field; 
the capacitance also depends*on this material. The energy 
stored in the condenser is # 



as has been seen. • 

Let it bo supposed that a gondenser is charged in the 
following way. Start with the platen jn content, and from 
rubbing them together or otherwise, one of them gets a charge 
+ Q and the other a charge — Q. As they are in contact these 
two charges neutralize one another’s fields, and there is* no 
, energy ^irf the arrangement as the capacitance C is infinitely 


6—(T.4g) 
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f 


great with d — 0; Q L /C = 0. Now draw them apart, and the 
condenser is charged as before. The net work done must be the 
same whichever way the oondenser is daarged. The work is 
done in *this second way of charging the condenser -by the 
mechanical force required to draw,the charges apart against 
their mutual attraction. 

The total work done is \(Q 2 jC) joules, and in any part of the 
pulling apart, the work done is %jQ 2 X change in 1/(7, for that 
is the increase in the energy stored. As the plates are pulled 
apart, C diminishes and so 1/C increases proportionately to the 
distance apart of the plates. The force pulling the plates 
together is proportional to Q 2 and therefore to V 2 . This is 
the principle of a voltmeter known as the attracted disc electro¬ 
meter. This is the earliest pattern of electrostatic voltmeter 
and is the simplest in action, but it is not sensitive to small 
potential differences, and this type is now only used for high 
potentials. In it there are two parallel plates which are con¬ 
nected to the conductors whose potential difference is to be 
measured. The central part of one plate is movable, and the 
force required to hold it in position, against the pull on it, is 
measured. 

It is quite simple to find an expression for the actual force 
of attraction in the parallel plate case. If this force*is F dynes 
and there is a charge Q coulombs on each plate, then if the 
plates are allowed to move towards each other the flux density 
and therefore the force remain unchanged, as the plates move, 
and the work done as the plates come together is Fd ergs. This 
must be equal to the energy stored in the condenser, i.e. 
JCF 2 X 10 7 ergs. Thus 

Fd = W 7 / 2 x 10 7 


and using the expression for C found above, 


Fd = 


F 


A 1 

'4m* X 9 X 10“ « 
AV* ■ 1 

~ 8m* 8 .9 x 10* 


V 2 x ]0"' 
dynes 


The energy in the condenser is stored in the electric field, 
and it is of interest to find its value in terms of the flux 
density D. 
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Now Ad is tho volume of the dielectric (air in the case 
considered) and the result can be written • 

Energy stored per unit 
volume of tho electric 
field 

If the dielectric constant is k, tho energy stored is k times 
as great. • 

In tho attracted disc? electrometer or voltmeter the pull on 
the plates would draw them together. Such a movement 
would increase the capacitance of the condenser and therefore 
diminish the energy stored in the field for a given charge. If 
the plates move towards one another the diminution of stored 
energy provides tho energy for the work spent in drawing them 
together. 

The same principle in a different way is used in tho quadrant 
electrometer , which is used practically in what is called tho 
multicellular form. Several vanes a^e moifnted parallel to one 
another on a spindle which is Suspended by a fine wire with 
the spindle vertical, Fig.*4J. Tho vanes tfwing in dhd out of 
tho gaps between a series of horizontal metal plates shaped 
like a pair of»opposite quadrants of a circle. The vandk and 
the quadrants fbrm in thjs way the plates of a condenser whose 
capacitance varies with the position of the vanes in relation 
to the quadrants. The energy of the .condenser thus formed 
is $Q 2 /C, and as before the foice of attraction 'between the 
plates of the condenser telfds to increase the capacitance. This 
time it is by increasing the area of the plates of the con¬ 
denser, by drawing the vanes into the quadrants. The pull is 


J) 2 

>-— X 


] 


8tt 9 X 10' 8 


£ er g« 
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The energy is given in ergs by 

2irdQ 2 


Writing 


this gives 


* E4 = x 9 X 10 18 


Q = 


DA 


4tt X 9 X 10 18 


l 


D 2 

td = lbT X M X 9 x 10'“ 
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proportional to the square of the charge or of the p.d. as be¬ 
fore. The vanes are controlled by the torsion of the Suspension, 
and they come to rest in such a positicyi th<ft the torque due 
to the jvire balances the torque pulling the vanes into the 
quadrapts. Several vanes are used to make the deflecting 
torque^reater and thus obtain a sufficiently sensitive instru¬ 
ment. 

A diagram of the lines of flux between the plates and near 
the edge of one of the vanes c#i a quadrant electrometer is 



Fig. 47. Fleetroktatio Fig. 47a. Fleotjiio Field 

Voltmeter ret ween Moving Vane 

and Fixed Plates 


shown in Fig. 47a." The lines in the part A are those which 
appear to pull the plates together. The lines in part B are 
the lines which appear to pull the movable vane further in. 

Electrostatic voltmeters have two merits. The first is that 
they do not draw a current from whatever ,d.c. potential 
difference they arc connected to. A* very small charge flows 
into them when they are first connected, and then the current 
ceases. The potential difference is measured without making 
the slightest, change -in any current which may be flowing in 
any part of the circuit. The other merit is that the ptJl which 
givos the reading is the same if the connections are reversed, 
so that they can be used for alternating potential differences. 
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In this case they take only the very smtdl current which flows 
through the capacitance of the voltmeter. 

11. Insulation Resistance of Condenser. Whefi a condenser 
has been charged and left insulated, the charge gradually leaks 
away because of the trac^ of conductivity which is possessed 
» by even the best insulators. The quality of the dielectric can 
be tested by observing the rate of fall of the p.d. The current 
through the insulation is I = V/R. R = insulation resistance. 
V = p.d. Also current 1 = rate of fall of charge Q = C x rate 

of fall of p.d. = C V, so CV = V/R. 

The rate of fall of p*i. — fall of p.d. per sec. — V — 1 JCR. 

If the condenser is connected to an electrostatic voltmeter, 
and charged and then insulated, and the redding of the volt¬ 
meter taken every minute, the value of R can be found. Plot 

a curve showing V = drop of volts per min. -f- 00 against 
mean p.d. during that minute. A straight line graph will be 
obtained. The slope of the line gives the value of (JR and 
hence Jl, knowing C. 

If p is the resistivity of the dielectric in ohm-em., the 
insulation resistance t)f the dielectric is R p(d/A) ohms, 
d — thickness of dielectric in cm. and A — area of plates in 
cm. 2 Also, we know the capacitance of the condenser in 
microfarads is 

/r Ak 0 

^ 4 mi X 9 X 166 


Consequently we have 

/in ^ v _•___ 

" P A ' 4ml ;<9xl0 5 

jmTxlo® ohm/ ^' 


This is thsame for all condensers using the same dielectric 
whatever theif capacity. The product CR for a condenser is 
then a direct test of the quality of the insulation. The Post 
Oliice specification for paraffin paper condensers requires 
CR — 300 megohm-^F. measured aftflr 4^ ie Application of 
300 VAor one minute. • 

The insulation resistance may also be measured by* the 
direct deflection of a sensitive moving coil instrument which 
has been calibrated. 
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CLASS EXPERIMENTS ’ ' 

ON THE SUBJECT OF CHAPTER* II 

1. A Condenser, charged to a measured p.d., is discharged through 
a ballistic galvanometer. The throw varies as V and is hence pro- 
portionalVo Q (Fig. A). * 

Repeat with various valuos of C and V and plot curves showing the 
variation of the throw with both C and V. 

Insert resistances in series with the condenser. The value of the 
throw is not altered. The resistance Has reduced the current but not, 


Galvanometer 



D.C.dource 


Fig. A Fig. B t 


of course, the quantity. This experiment proves that the ballistic 
galvanometer measures quantity of electricity provided that the 
quantity passes as a current of short duration. 

2. Comparison of Capacitances by Throw of Galvanometer. 

Charge the condenser C x by depressing switch A (Fig. B). Discharge 

through the galvanometer by raising switch A and note the throw. 
Repeat with condenser f C a by op6rating switch B. The capacitances of 
C x and G c should be proportional to the throws obtained. 

3. Test of the Insulation of a Condenser by the Ballistic Galvano¬ 
meter. »• i. r i «. 

Using the circuit arrangement of Experiment 1, throw is measured 
immediately on charging and after insulation for measured times. 

The iall qf charge per sec. — Discharge current — VfR. Hence R is 
found. " h t 

Shunt condenser with very high resistances (a few megohms) and 
repeat. Use results to check valves of shunting resistances. 

4. Measurement of Capacity, by mothod of Fig. 32. 

6. Comparison of Condensers by*-Bridge Method (Fig. C). 

If charged by currents proportional 1 » capacitances the plfcl.’s rise 


at s^me rate. 


JC, _ 

V/R t VtR % 


i.e. C X R X = C a R t 


i 
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Repeat with et.c. instead of d.c. source, omitting switch from circuits 
and replacing the d.o. by an a.c. detector (telephones or vibration 
galvanometer). • » 

6. Current through Condenser from a.c. Source. 

A hot*wire (or other a.c.) ammeter is connected in soriSs with a 
condenser of capacitance C across an a.c. source of frequency/{Fig. D). 

%Fhe p.d. across the condenser is measured by an electrostatic v4)ltmeter. 
Check that I = 2 nfCV for various values of CV and, if possible,/. 



Fio. C Fia. D 


7. Current through Resistance and Cupacitanco in Series. 

Repeat the last experiment with a resistance in series .with C, 
measuring the three p.d.’§, \\ across (%, V 2 across /?, and V a acroffc 
C and li. 


y 

Check that I = ■ ■ *; -and draw the vector diagram, that 

* v(n 2 + l/cw^C 2 ) 


is, draw a triangle of which the sides are proportional to V v V 9 and V 9 . 
The angle betweon the first two sides should be a right-angle. 

8. Make a similar experiment, with resistance ancf capacitance in 
parallel. Measure I, the total current, and V, the p.d., across the 


resistance and the condonsor. 


Check that I = V -f <o 2 (7 2 ). 


EXERCISES 

1. The current-time curvo ,of a condonsor Muring cflurge is as 
follows— 



Draw the charge-time curve. , 

* 2. A p.d. of 2 000 V. is established across the terminals of a con- 
.denser of 10 fi F. What charge does the condenser take ? (0*02 C.) 
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' 3. A parallel plate airtcondenser has a capacitance of 50 (ijuF. What 
will its capacitance bo if the space between tfie plates is completely 
filled with sulphur ? • (200 [ijtiF.) 

-4. Two condensers of capacitances 0-5 ancf 0*4 /iF. respectively are 
connected (a) in sorios, '(b) in parallel. What is the capacitance of the 
combination in each case? ( (a) O’222 a F.; ( b ) 0*9 juF.) 

*5. A # &>ndonser of 2 juF. is charged *to a p.d. of 50 V. Find the^ 
energy stored. (0-025 J.) 

« 0. A charged condensor has a stored onorgy of 0-02 J. If its capaci¬ 
tance is 4 /i¥., find its p.d. and its charge. (100 V.; 400 /iC.) 

7. Draw a current-time curvo of the typo shown in Fig. 39, making 
the maximum value of the current 20 raA. and the frequency 50 cycles 
per see. 

Supposing that this is tho current in a condenser of capacitance of 
2 ^uF., draw curvos shewing tho variations with time of the charge in 
tho condensor and,, the p.d. across it. 

(Max. vnluos: Q = 63-0//C. V — 31-8 V.) 

' 8. A p.d. of 220 V. r.m.s. is established across a condenser of 0-05 /iV. 
Find tho current into the condenser when the frequency of the p.d. is 
(i) 50 cyclos per sec., (ii) 500 cyclos per sec., (iii) 5 000 cycles por sec. 

( (i) 3-40 mA.; (ii) 34-6 mA.; (iii) 346 mA. r.m.s. in each case.) 

'9. ^liraw tho vector diagram in the cases of Question 7 and Question 8. 

. 10. Tho reactance of a condenser at a frequency of 50 cycles per sec. 
is 100 C\. What is tho capacitance of the condenser? (31-8 «F.) 

4 11. A resistance of 1 000 £2.* and a condensor of 4 fiF. are connected 
in series across a supply of 200 V., 50 cycles per sec. 

Find the current which flows ami tho p.d. across tho resistance and 
across tho condenser. , 

Draw all theso quantities as a vector diagram. 

(156 mA.; 156 V.; 124 V.) 

12. If, in Question 11, 200 V. is the r.m.s. valuo of tho supply p.d., 

find (i) tho power taken from tho supply; (ii) tho maximum value of 
tho onergy stored in tho condenser. (31-2 W.; 0 061 J.) 

13. An a.c. sourco of 440 V. 50 cyclos por soc. supplies 15 A. to a 
motor which takes 5-94 lcW. What is tho powor factor of the motor? 

■ (0-9.) 

14. Find tho capacitance of a parallel plate air condensor having 
11 plates, each of 50 cm. 3 urea, the o'listunce between plates being 2 mm. 

, * , (221 fifiF.) 

15. A mica condensor consists of 17 rectangular copper foil plates 

6-5 cm. X 5 cm. sepuratod by mica of thickness 0-0075 cm. The 
measured capacitance is 0-04 /<F. Find the dielectric Constant of the 
mica, . * 4 ' (6-55.) 

16. A paralle l plate air condenser of (h-ea 126. cm. 8 and distance 
apart of plates 0-5 cm. is charged-to a p.d. of 500 V. 

Find tho flux density and the energy stored and tho force of attraction 
between the plates. ^ ' » (10 10 ; 27-7 ergs; 55-5 dynes.) 
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ELECTROMAGNETIC S—THE MOTOR EFFECT 

1. Magnetic Fields. The attraction between two like charges 
of electricity has been studied in the last chapter. If two wires 
carrying currents in the same direction are suspended verti¬ 
cally close to each other a force of repulsion would be expected 
between them as they are charged, and although the Charges 
are moving this would not affect the repulsion arising from 
the electric field. This force is, however, extremely small, 
and actually the wires are found to attract each other with a 
very much greater force. Th$ longer the wires anti the greater 
the current the greater the total force. 

Tf a compass needle is brought near a vertical current- 
carrying conductor, it is deflected to a direction tangential to 
the horizontal circle drawn through the needle with the wiijp 
as centre. The greater the current and the nearer the needle 
to the wire tin* greater the force deflecting the needle. 

These cAbets arc due to the magnetic field of the current, 
which must not on any account be confused with the electric 
field of the moving electricity constituting the current. Always 
there are both electric fields and magnetic fields when elec¬ 
tricity is in motion. Either may 1m; of much greater importance 
than the other, but sometimes they are of equal importance. 
In the charging and discharging* of a cojidenser the electric 
field is of far greater importance than the magnetic field, which 
however is still present round* the wires leading the con¬ 
denser, and even in the‘dielectric of the condenser itself. In 
the cases to be considered in this and the next chapter the 
magnetic fieftl is of far greator importance than fjie electric 
field. But in tfie transmission of electric energy from Wn to 
town over long transmission IU 19 S and in the propagation of 
wireless waves round tho Earth, both fields cojne in and it 
cannot Jpe said that one is of greater importance than the other. 

Electricity in motion, then, has an influence on the space 
around it, in addition to producing an electric field. This 
influenced directed along lines'linked with the current and is 

79 • 
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called the magnetic field of the current. . The magnetic field 
may be mapped out by iron filings. Take, a vertical wire 
threaded through a piece of card whiclf is held horizontally. 
Scatter iron or steel filings on the card and pass a .current 
through the wire. The filings will arrange themselves in lines 
looped *£ound the wire (Fig. 48), particularly if the card is* 
slightly tapped to help the filings to arrange themselves. The 
lines are like the streamlines of aq eddying fluid rotating round 

the wire. A small iron or steel 
needle, pivoted at its centre and 
brought npar the wire, will sot 
itself along the direction of these 
lines, and this provides a means 
of finding the direction of these 
lines more accurately and at a 
greater ^distance from the wire 
than is possible with the filings. 
The effect is greater if the needle 
is “magnetized,” i.e. if a compass 
needle is qsed. It can be shown 
that the filings have been magne¬ 
tized and each sets itself as the 
compass needle would do in the 
same position. 

The pivoted iron wire or com¬ 
pass needle is pulled more vigor¬ 
ously into the line, the nearer it is to the wire carrying the 
current and the greater the currelit. This is shown by the 
liveliness and rapidity of it^ vibrations. If the wire is wound 
round to make a coil of •several turns, the magnetic field is 
found to ty' quite strong for a moderate current, and it is easy 
to trace the direction of the field for a considerable distance 
aroun(l. The lines of the field will be found to tje linked with 
the current as if there were a flow through the ring which 
returned back round tho outside as *is indicated in Fig. 49. 
Now a line has two directions* and it is worth while to examine 
whether ther/s is anything to distinguish the two directions 
along a line in thrf field from each other. There is a forwards 
ancj,, backwards direction on these lines as can be seen from 
the c behaviour of a compass* needle. The end of the needle 
which points North will point along these lines in a particular, 



Fig. 48. Magnetic Field 
or Straight^Conductok 
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way, and tfce ehd which points 
It has been decided to call “ 
direction a north poin^ng end 
lines can be marked with 
arrowheads to show this ^ 
direction. The direction of 
the lines and the direction 
of the current producing 
them are connected by a 
simple rule. The direction 
of the lines round the cur¬ 
rent is the direction a 
corkscrew (or any other 
right-handed screw) must 
be turned in order that 
it should travel in the 
direction of the current* 
Another way of stating the 
same thing is this: grasp the 
the right hand, placing it so 
the direction of the current; 
the wire in the direction of tho 


South willtpoint the other way. 
the direction” of the lines the 
of a compass indicates, and the 




Fig. 49. Magnetic Field ok 
Circular Coil 

conductor with the fingers of 
thaj the thumb points? along 
then the fingers point round 
lines in tho magnetic field. 



If two similar ring coils are pl&ced parallel to one another 
on the same axis as in Figs. 50 and 50a, *bhe t lines*mapped out 
by a coiftpass or filings wiH bo different, according to whether 
the current flows the same way. round the two coils oi**in 
opposite ways. When the direction of the current is the same 
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in' both, the lines o( one are mostly carried on through the 
other (Fig. 50), and when the two directions of the currents 
are opposed* the two sets of lines turn jiside*and pass out be¬ 
tween the rings (Fig 50a). If wire is wound in a uniform layer 
on a tv be and a current is passed through the wire, the succes¬ 
sive tuVns behave like the pair of coils just mentioned, and 
the lines of the field are carried on from one turn to the next 



Fio. 51. Magnetic Field oi>’ Fig. 52. Magnetic Field 

Solenoid oi<- 'Rjuotd 


and, diverging near the end of the tube, return and form 
complete loops as in Fig. 51. 

Such a tube shaped coil is called a solenoid. Fairly intense 
magnetic effects can be obtained ..with such a coil. An iron 
rod hung with its lower end just inside a vertical solenoid is 
pulled down, and Iron filings show the directions of the lines 
to a good distance from the windings. 

But’tlfe simplest field of all is, produced by a toroid, as a 
solenoid turned round so that its ends meet is called. In this 
case, r shown in Fig. 52, the field is copfined to the space within 
the windings, and if tile diameter of tlib toroid is large compared 
with the diameter of the turns of wire, as is usually the case, 
the field is nearly uniform over the cross-section. 

Those effects are tnuch increased if an iron core is put in 
the winding. The lines in the field rend to crowd into* the iron 
and to be led through it rather than through the space round 
the iron. This can be demonstrated most clearly in the case 
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of the solenoid. If the iron core project^ out of the windihgs 
and is bent round so that its ends are near one another to form 
an air-gap, very*intense magnetic fields may be* produced in 
the air-gap. The pul! on a piece of iron may be mgde very 
great by this means. If the ends only have a snyill gap 
^between them, the majority of the lines linked with#the coil 
through the iron pass across the gap. The magnetic fields are 
also increased if the current is increased or if the number of 
turns of wire is increased. * 


The magnetic field of a bar magnet or of a compass needle 
may be mapped in the same way (placing the card of iron 
filings over the magnetb) and w r ill be four^d to be very •similar 
to that of the solenoid, although no arrangement of the filings 
in line will be found along the length of the magnet. 

The lines mapped out by the iron filings give the direction 


of the magnetic forces produced by the movement of t-lio 
electricity" in the wires. They may also be used quantitatively 


to measure the forces, in the same way 7 as the lines in the 


electric field were used. The magnetic field may therefore be 
determined by the direction and number per cm. 2 of tlnvse 
lines of magnetic flux. * #l 

2 . The Magnetic Circuit (Air-core). In order to investigate 
the circumstances of the production of magnetic fields quanti¬ 
tatively, let an arrangement be set up as indicated in Fig. 53. A 
toroid is supplied with current through an ammyter and a vari¬ 
able resistance, and included in the circuit is a switch S. Inserted 


into the toroid, through an opening in the winding, is a search 
coil C which is connected to a sensitive ballistic galvanometer 


G. The coil G is arranged with itu plane perpendicular to the 
axis of tins toroid, so that the lines pf flux thread through its 
turns of wire. It will be found that when the curjytyt is started 
in the toroid by closing* the switch S thA galvanometer will 
give a “throw.” When the current is stopped by opening 
the switch thi same throw will be obtained, but in tlje opposite 
direction. This phenomenon, which is of the greatest impor¬ 
tance, will be investigated in the next chapter; here it is used 
only to indicate when the field strength in the toroid, i.e. the 
number of lines per cm. 2 through the search«eoil, is the same. 

Various toroids are used of different axial lengths (i.e. mean 
lengths of flux lines), different* shapes and areas of cfoss- 
section (a), and different numbers of turns (N) in different 
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nuinbers of layers, bfit the same search poil is* used in each, 
and in each the cross-sectional diameter is email * compared 
with the diafaeter of the toroid. For each t&roid the current 
I as read by the ammeter A is adjusted by the variable 
resistance R, until the same throw is obtained in the galvano¬ 
meter (A when the switch S is clo&ed. Under these circum-^ 



Fig. 53. 'Experiments on Magnetic Field Strength 


stances it is clear that the same magnetic field has been 
produced in the toroid in each case. * 

It will be found £hat in all the cases the product IN/l is a 
constant. The cross-sectional area a has no effect. It follows 
that the is directly proportional to the number of turns 
in the toroid and to the current, re! directly proportional to 
the ampere-turns , and inversely proportional to the length of 
the lines of flux. < , c 

In order to make the system of units fit all requirements, 
the magnetic field or flux density H in lines per cm. 2 or gauss 
is actually measured as 47r/10 times the ampere-turns per cm. 
length of the flux'lines, i.e. r 


H 


4tt IN 
10 ' l 
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The total lines of*flux 0, since the fliix is uniform across 
the cross-section <jf the toroid, is 0 = Ha, i.e. 

* 4tt IN 
® — 10 ’ l ' “ 

% # 

This can be written in the form 


477 

10 


/iV*= 4> 

* a 


(477/10). is known the magneto-motive-force (an unfor* 
tunate term perhaps, as it is not in any w %y the sort offforce 
that is understood in mechanics). It is the cause of the flux. 

O is the total flux and l/a is termed the reluctance of the 
toroid. 

The expression becomes, then— 

Magneto-motive force = flux X reluctance 

As has been seen above, magnetic flux always proceeds in 
closed circuits. In this«way it resembles an electric current * 
and a very useful comparison may be made of the current flow 
in an electric circuit and the flux in a magnetic circuit. Tn 
the former case, by Ohm’s law, 

Potential difference 

round the circuit = current x resistance 

(electro-motive-forcc) 

Compared with the law for the flux in the toroid, it is scon 
that electro-motive-force correspond^ with niagneto-njotive- 
force, current with flux, and resistance with rcluotajico. 

Although established hbre for the case 6f the toroid, this 
magnetic circuit idea can be used in all cases, however simple 
or however complicated^ but sometimes the mathematical 
difficulties in its application are great. ® 

For instance, consider the straight wire of Fig. 48. It is 
required to find the field at a distance* r cm. from the wire. 
Here th^re is only <Jne “turn”* (of infinite* radfus) and the 
magneto-motive-force (m.ffi.f.) is 477 //IO. Imagine a tube of 
uniform cross-section a cm. 2 and mean radius r cm. surrounding 

the wire. »The reluctance of the tube is l/a = 2irr/a. The 

• • 



86 t FOUNDATIONS OF TECHNICAL ELECTRICITY 

f 


flux in the tube is f accordingly O — (4 tt// 1(J) -b (27rr/a) = 
2/u/lOr. The field strength or flux density is // = O fa and 
hence e r 

i H — -r-—- lines* per cm. 2 

lQr 1 

c t 


The case of the solenoid (Fig. 51) may be compared with 
that of earth conductors (Fig. 20), provided that the length l 
of the solenoid is much greater {ban its diameter. In the same 
way as the resistance of the earth was negligible, the reluctance 
of the total space outside the solenoid is negligible, and all 
that need be takericinto account is the reluctance of that part 
of the circuit which is inside the solenoid, which is l/a. The 
m.m.f. is 47r/iV/10; and the flux therefore is 


, 47r , T _ a 

O —- NI • - 

10 • l 


For points inside the solenoid where the cross-sectional area 
of the total flux is a and the flux density is uniform, H is 
i.c. 

477 NI 

11 io r 

as in the case of the toroid. The solenoid can in fact be looked 
upon as part'of a toroid of infinite diameter. 

3. Forces on Currents in Magnetic Fields, (i) Force on 
Straight Conductors. In general a conductor carrying a 
current in a magnetic field experiences a mechanical force. 
The force botween two parallel conductors noted at the begin¬ 
ning of this chapter arises from the fact that the current in 
each eonfh;.vfcor is situated iii the magnetic field due to the 
other. 

The law governing these forces can be investigated with the 
help of the toroids rsed in the last section. If a flimsy wire 
is introduced into the gap in the tiirns instead of the search 
coil and, the switch S being permanently closed in all these 
experiments, a current is passed through the wire in one 
direction, the wife will tend to bo forced radially out of the 
toroid. If the current is reversed, the wire will be forced 
radially further into the toroid. 

Measurements can be made if the flimsy wire is replaced by 
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a coil side as inchoated in Fig. 54. The col side AB should lie 
long enough to clqjir the toroid of largest cross-section, and the 
coil should be long crfiugh to move freely when assembled 
with the* toroid of largest diameter. The coil is suspended 
between a spring S and a g torsion lead T by two fine* steel 
'vlfires or phosphor bronze strips me. The cylinder bo 

moved along the arm to act as a counterbalancing weight. 
The torsion head is used to bring the coil side back to the 



Fi<;. .54. Eximsiuuuntn on Kohoe on Ci-kkkxt in 
. Mvonetic Kiet*i> 

centre of the cross-section of the •toroid, ^Hio torque in the 
wires w is proportional to the movement of the torsion.he,ad; 
and the torque required to bring the coil ^idc is equal 
to the torque dife to the ftfree on the coil side. Hence since 
this is the onljj force acting, the movement of the torsior^heajl 
is proportional to the force on the coil*side when «it ^carries 
a current in the magnetic field of the toroid. The current is 
led to the coil by means of the wires v), and the length l cm. of 
that part of the coil side which is in the, field H pf the toroid 
is noted* (It will be different for different tbroids.) The field 
H is estimated by a knowledge of the current in the toroid 
and its turns per centimetre length, and the current I amperes 
through,tKe coil side is measured. Tn this way it is established 

7-(T.49) 
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experimentally that/ the force is proportional to the product 
of the flux density, the current in the coil s/de and the length 
in the field. This is Ampere's Law. (Actually the units are 
such that 


ip 1111 t , 

F — —- cfyncs 

10 J 


if the coil has only one turn. / is in amperes and l in centi¬ 
metres. If there are n turns the force is n times as great, as 



Fio. 55. Left-ijand RujJis 


the total length of conductor 
in the field is now nl cm. 

The direction of the force 
is perpendicular both to the 
flux and to the length of the 
conductor. It can be found 
by what is known as the left- 
hand rule , Fig. 55. The thumb 
and first two fingers of the left 
hand arc set at right-angles 
to eqch other, and the hand 
is turned so that the first 
finger points in the direction 
of the field and* the second 
finger points in the direction 
of the current. The thumb 
will then point in the direc¬ 
tion of the force (motion). 
This rule should be used to 
cheek the direction of the 


* • , force in the above experiment. 

If the of flux are mapped round a straight wire carrying 

a current across a magnetic field some explanation of this 
force, may be seen. - 

The flux is obtained by combining the flux due to the 
current with that due to the independent field. These are 
shown separately in Fig. 56. In Fig. 56a they are com¬ 
bined. It is seon that where the two fluxes are in the same 


direction the resultant lines are crowded, and where*they are 
opposed the lines are wider apart. The force seems to be due 
tb the lines trying to shorten and to push one another aside, 
(ii) Torque on Coils. If a coil pf wire be placed In, a region 
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of magnetic flux, that is, in a magnetic field, there will b© a 
torque or twist qp the coil which tries to turn the coil so that 
the flux due to the coj is in the * 


same direction through it as 
the flux in the field. This twist¬ 
ing couple is easily found from 
the law of force of Ampere. In 




Ff<i. .“»G. Uniform Field 
AVI) FlELD I)U K TO 
S'L'J t A If! JIT C’ovdu CTl) It* 



Fro. r>fiA. Com rived Fields 


D 

Elevation 


Fig. 57 are shown the elevation and plan of a rectangular coil 
set up vertically in a uniform field of magnetic flux. This 
flux is directed horizontally from left * 

to right and has strength 11 lines per ____ 

cm. 2 A current 1 amperes flows in _d — r -~- ^_— 

the n turns of the coil, and looked - -i—--— 

at from the point of view taken in-L-j~ 7 | h 

the drawing the flux through the? (soil - j •-- 

due to the current in it is in the-l—*-»— 

direction of the arrow shown in the —— : -1 f —-*— 

plan. In the vertical sides of the Qpil evallon f 

there are n conductors, each of length — *-( — ; 1 - * *■■ ■ 

h cm. and each carrying a current / - 

amperes at right-angles to the flux II —•"— ^a/'/v~ " " 

linos per cm. 2 There is a force on .^ 

each coil side*therefore <pf strength 

_ Hnlh* , -- _J— L —__ 

F = d X nes pi»" i i I 


-~ 

Me 


[ Aifi_ 

LL 


and th^ directions of the force! are ^ ia - *?• Torque on Coil 
in the directions shown the left- 

hand rule. These two equal forces form a couple of torque 

. = Fe, if’e cm. is the distance between the lines of action 

• • 
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of the forces. Clearly the direction in which these, forces try 
to turn the coil is such as to bring the two flukes into the same 
direction, l'he greatest torque is whei^ e is greatest, that is 
when l b, the breadth of the coil, or when the plane of the 
coil is 'along the direction of the field, and the torque is then 

o t 



Fro. f>8. ApFaratts voit 
Kx-PEUimevts ov AIauxelic 
Fr ki.dk 


G = 


Hnlh 
10 * 


dyne-cm. 


But lib — the area of the coil, 
and so the maximum torque 
HI 

is - x total area of all the 
turns. 

It should be noted that the 
forces / acting on the sides AB 
and CD do not give any torque 
in this case because they are 
equal and opposite and act in 
the same straight line. The same 
result would be obtained if a coil 
of any other shape than a rect¬ 
angle- were taken. The torque 
would be found to have a maxi¬ 
mum value 


a 


niA 

10 


dyne-cm. 


in such a direction as to turn the liux due to the coil into line 
with the flux of the field. 

(iii) An Apparatus for the Investigation of Laws of 
Forces and Fields. The production of magnetic fields in 
air-gaps and the force acting on a conductor carrying .a current 
in a magnetic field cj,n also be conveniently ^{udied by the 
more robust apparatus shown in Fig. v>8. 

A rectangular coil AB 10 t X 2 cm. of 10 turns 30 S.W.G. 
d.s.c. copper wire is suspended by two lengths of 30 S.W.G. 
steel wire stretched between the torsion head C and the spring 
D. The coil is balanced by the wtight W. Current is led to 
and from the coil by the two lengths of steel wire. The end A 
of the coil moves freely in the air-gap in LE a rectangle of soft 
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iron bar about 2 cm* x 2 cm. section and about 10 cm. side. 
On one side of thg iron rectangle is a coil F wound in sections 
of 50, 100, 150, 200, a]|d 500 turns of 22 S.W.G. cf.e.e. copper 
wire. The supporting framework is omitted for the* «akc of 
clearness. G is a strip of i^etal bent round a limb of tlie iron 
Tlar to act as stops limiting the swing of the coil. A ^Jbintcr 
fastened at B lies along the coil and is adjusted, by turning C, 
to lie along a mark on the iron core at L. The coil AB is 
wound on a thin copper frame to stiffen it. A current is passed 
through the coil F causing a magnetic flux across the gap at L. 
This current is read on an ammeter and kept constant. Current 
from another source is passed through the Tsoil A B and tfie coil 
is deflected against one of the stops. It is brought back to 
the central position by turning the divided head G. This 
twists the wire GB and exerts a torque on the coil to balance 
tlie moment of this deflecting force due to the current passing 
across the flux at the gap. The twist of the head G is noted 
and plotted on a base showing the current in the coil AB. 
A straight line graph is obtained showing that the force on 
the coil side in the Held is proportional to the current* in the* 
coil. If the magnetizing current in the coil F is increased tlie 
deflecting force is increased, showing that the force increases 
with increasing flux density in the gap. If the current in AB 
is kept constant and the current in F is varied and the reading 
oil G is plotted on a base giving the current ill F, a graph 
showing how the flux in the gap varies with tlie current pro¬ 
ducing it. is obtained. The graph is not quite straight and the 
line for decreasing current does not lie along the lino for 
increasing current, but above it, shewing a«ort of “backlash” 
in the production of tlie flux. JThis is due to the presence of 
the iron in the magnetic circuit. m 

The observations are no\? to be repeated, using a (fifferent 
number of tujjus, and it will be found that the same fyix in 
the gap is obtained wlioiP the product ofmiagnetizing apnpercs 
and turns is the same. The flux depends on the number of 
ampere-turns AT used in .the coil* F. The results of different 
measurements will agree and lyj on flffo same ^urve if the 
measurements are carefujjy made and account is taken of 
whether the current is being increased or decreased. The flux 
depends on the ampere-turns and increases with it. Often it 
may bo. taken as proportional to the ampere-turns as a fair 
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approximation. TWe behaviour of iron' in a magnetic field 
will be examined later. r 

4. Force Between Parallel Currents-/-The Ampere Balance. 

The fpfce between two parallel conductors carrying 1 -currents 
can now be estimated. If the distance apart of the conductors 
is d drii. and the current in the first is I amperes, the field 
due to this current at the second is, as has been seen above, 
2/j/lOd lines per cm. 2 The force on a length l cm. of the 
second conductor carrying a current I 2 amperes (Hll/10) is 
accordingly 2/ 1 / 2 */100(*. Similarly the force on the first con¬ 
ductor due to the field of the second is also 2/ 1 / 2 Z/100d, hence 
the force on either i§ 


„ 2/j/oZ . 

1 - lootT llynes 


If l is measured in feet and d in inches and tho force is 
required in pounds weight, 

„ 2/J^ 12 1 

, F " 100/i X 981 x ,454 

= (hrA f , i r J x xo- 6 11,. wt. 

d 


If tho currents are in the same direction the force is one of 
attraction; if in the opposite direction one of repulsion. 

If the current in each conductor has the same value / 
amperes, tho force per foot run of the conductors is 

F -= 0-5 f- x ID" 8 lb. wt. 
d , 

where d i* l¥i inches. 

If the two wires are turned rouhd to form coils the result is 
the same; the coils will attract each other if tf e currents are 
in the, same directidii in each, and 4, repel each other if the 
currents are in opposite directions. This can in fact be gathered 
from the lines of flux of Fig. 50 and Fig. 50 (a). 

The attraction and impulsion of coils carrying currents with 
their planes parallel is the principle used in Kelvin’c Ampere 
Balance. A movable coil is, hung on the arm of a balance so 
that it lies horizontally between two fixed horizontal coils. 
The same current / flows in opposite directions in* the upper 
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and lower.fixed coife. When the current / alscf flows through 
the hanging coi^ it is attracted by one and repelled by the 
other of the fixed coijp. This force is balanced by weights. If 
all the'currents are reversed the pull is not reversed, and 
the formula for the balance weight in grammes is WAP. 
•A is the instrument constant. A can be found once fbf all by 
weighing the amount of copper or silver deposited in a given 
time by the current that balances, say, 1 g. weight, and then any 
other current can be found accurately by finding the weight 
to balance it. The balance will measure a.c. on the same scale 
as d.c. * it gives the root mean square value in the a.c. case. 

5. Magnetic Materials and Magnetism.* It was noteif at the 
beginning of the chapter that if iron or steel is present in the 
magnetic circuit the magnetic effects are greatly increased. 
The same applies to the few other “magnetic” materials, 
cobalt, nickel, and somo alloys. 

If, for instance, the experiment of Fig. 53 is repeated with 
a toroid having an iron core, the search coil of course being 
wound on the iron .and being made identical with that used 
before, the value of I$/l for an equal throw of the galvano¬ 
meter is found to be very much less than the value found 
previously for the air-cored toroid (perhaps only one- 
thousandth—depending upon the iron). 

The iron has an enormous effect upon the flux produced by 
a given magncto-motive-force. Ampere sheaved that this 
would be explained if there were a circulation of electricity 
in tho .atoms of magnetic metals. Each atom would then 
behave as a small coil with a current in it and have lines of 
magnetic flux linked with it. In & magnetic field these atomic 
currents would tend to turn sq that'their fluxes came into line 
with the flux in the field. Thus there wquld n increased 
flux as the ampere-turns ifl tho atoms would add their rn.m.f. 
to that of tJi|) ampere-turns producing tho original fluj^ in tho 
field. The examination of the behaviour of th# ijiaterials 
which show magnetic properties leads to several results of 
practical importance. The magnetization , as it is called, of 
iron c8m be studied with the apparatus shoven in Fig. 58. 
Keeping the current in % tho moving coil constant at a con- 
■ venient value, the torque on the suspension will be prppor- 
tional to the flux round the iron circuit. If the ampere-turns 
• in the coil F ewe gradually increased from zero and the torsion 
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head turned tft bring* the moving coil central at each stage, a 

measure of jthc flux through the iron for efich value of the 

magneto-motive-force is obtained. A gfaph of flux on a base 

of m.npf. would bo like Fig. 59, curve OA. The flux increases 

at first proportionally t to the m.m.f,. but at a certain stage the ( 

ratio oY*flux to m.m.f. becomes much greater. Afterwards thef 

increase of flux falls off and the flux roaches a nearlv constant 

%> 



value at A. The relation be¬ 
tween flux and m.m.f. is seen 
to be rather complicated. All 
magnetic materials show tho 
same kind of behaviour to a 
greater or less degree. If the 
m.m.f. is now reduced gradu¬ 
ally the flux is found to de¬ 
crease to the value OB when 
the current in the coil F is 
zero. The iron core is left 
with a flux through it. It is 
“magnetized.” This magnet¬ 
ization retained by the iron 
is called the residual magnet¬ 
ization. The amount of resi¬ 
dual magnetization varies 
very much with the material 


used for the core. 


The percentage 



X 100 retained is 


called the percentage rctentiviiy of the sample. 

If a current is n6w passed through the magnetizing coil in 
the reverse direction and gradually increased the reverse 
m.m.f. ronfoves the residual magnetization, and at a certain 
stage there is no flux in the core. The reverse m.m.f. OC 
required to do this is a measure of the obstinacy with which 
tho residual magnetization is held, and OC may be used as a 
measure of w hat is called the coercive force of the material of 
the core. Increasing the reverse rar.fn.f. magnetizes the core 
in the reverse?'direction up to the value given by the point D. 
Decreasing the m.m.f. to zero and reversing again will remag- 
netize tho core in the original direction. The flux follows the 
changes in m.m.f. along the line DEFA exactlv repeating the 
curve A BCD. The magnetization is seen to l&g behind the 
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changes in.m.m.f. at every stage so thatithe complete curve 
forms a loop. Tips is called magnetic hysteresis and the loop 
the hysteresis loop. Hasten sis means “lagging." The impor¬ 
tant points about the magnetic behaviour of the coje are 
seen to be— 

*• # i* 

(1) The value AG of the maximum flux and the m.m.f. OG 
required to reach this state. 

(2) The residual magnetization OB. 

(3) The coercive force OG. % 

The flyx in the core i* soon to tend to a maximum value—the 
magnetization reaches saturation. For pTue iron this means 
a flux of about 21 500 lines per cm. 2 

The behaviour of iron when placed in a magnetic field is 
explained if each atom has an electric spin. It is known that 
electricity is part of the constitution of the atoms, and if this 
electricity is rotating in the; atoms then each of thorn is 
equivalent to a small coil, carrying a current. This coil will 
try to set itself so that the flux through it due to its own 
current is in the same direction as the flux in which it finds 
itself. If there is no flux due to outside currents the guiding 
Uux for each atom is the flux from neighbouring atoms. The 
atoms will string themselves on each other’s lines of flux and 
so form local closed loops or chains. In this arrangement each 
loop will be like a toroid anfl. will produce ncP outside flux; 
there will be no indication of a magnetic field outside the iron. 
Things will be different, however, if a field is provided in the 
iron, by a winding carrying a current for instance. If the 
magneto-motive-forcc is small only*those atoms will turn round 
which are not strongly held by.theii* neighbours. Others will 
only turn slightly, and ^s the m.m.f. is iycreaSbd • tlyj effect 
will increase in jfroportion. * 

Each atorruthat turns moves so that its own m.m.f. adds 
to the m.m.f. o£the external current.. .Before they friryed the 
m.m.f.’s of the atoms were in all directions at random; the 
turning of tho atoms introduces «omc order and the flux in 
the iron is increased. When thp flux Yrorn outside is strong 
enough to pull the closed chains open and make all the ampere- 
turns in the chain add tneir share, there is a considerable 
increase in the general flux. This is the stage in the curve 
AO, Fig. f>9, wjtere it is steepest. All the closed chains arc not 
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pulled open togethef; some are more obstinate and there is in 
consequent^ no sharp comer on the curv^. When all the 
atomic chams have been opened there is not much more to do 
excepj *fco pull all the atoms round to lie exactly in the same 
direction. This requires a strong external field, as the neigh¬ 
bours* bf each atom tend by their fluxes to pull it round 
somewhat from exact alignment with the external field. The 
last stage, therefore, is only completed in quite strong fields. 
However strong this applied field may be there is a limit to the 
share which the iron atoms can contribute to the flux—this 
is reached when the atomic currents are all flowing the same 
way round and thd flux due to each is in the same direction 
as the applied flux. The flux from any atom is then taken up 
and passed on through the next in line like the flux of the coils 
in Fig. 50. Lines of atoms with their currents linked in 
this way are exactly similar t» tin* solenoid of Fig. 51. The 
flux donsity in such a solenoidal arrangement is 

4 77 %// 10 

•if % — number of atoms per cm. in line and 
/ — current in amperes in each. 

If the area round which the small current /"circulates is 
a cm. 2 , the number of lines contributed to the total flux is 
47T%/a/l0. • 

If in each square centimetre of cross-section of the iron there 
arc u^ such solenoidal strings of atoms, side by side,, the total 
number of lines contributed by thb iron atoms per cm. 2 is 

^ 477%%/a/lO or 47 t 2V o /«/10 

if iV 0 == 1 #$?% is thp number of iron .atoms in one cubic centi¬ 
metre. * 9 

Tty's occurs when the iron is saturated and 4auV 0 /a;/10 is the 
maximum flux density which the iroft can contribute. 

If the controlling flux is now reduced somewhat the lines 
of atoms “ease off,” as it* were, ^and the alignment is less 
perfect. The flux contributipn of the iron is reduced, but as 
each atom is linked by lines of fjux with those before and 
behind, it is not allowed to fall completely out of line. The 
disturbance of the lines is due to the action of the lines along¬ 
side, particularly where they end, at the surface of the iron 
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and the flux spreads out from the end#of the solenoid (see 
Fig. 51). This gives the residual magnetism OQ in Fig. 59 
when the original magnetizing field has been removed. A 
reverse magnetizing field can reduce these remaining* grderly 
# lines in the iron to a state pf complete confusion again. Then 
there is again no flux through the iron, but only a •thngled 
arrangement of flux in closed loops. The reverse m.m.f. 
required to do this is given «by OC, and is greater the more 
obstinately the atoms hold their lines. The magnetization in 
the reverse direction to D and back again to A via E and F 
is easily explained in the same way. At any stage the atoms 
are only partly in order. Some of them* cancel out tfie flux 
of others so that only N atoms are effective. The flux density 
is then 4nNIaflO. /a/10 is a fixed quantity for each atom and 
N 0 is the total number of atoms in one cubic centimetre. 
Hence N 0 Ta/lQ is a constant quantity which can be found by 
experiment; it is the maximum flux density due to the iron 
divided by 4tt. 

When the iron has its atoms aligned in this manner it is 
said to be magmtized. The field which produces the alignment 
is known as the magnetizing field, and the product N la/ 10 is 
called the intensity of magnetization, and is usually denoted by J. 

When N atoms per cm. 3 are aligned and the fluxes of tho 
rest, cancel out in disorder, the magnetization J of the iron is . 
measured by Nla/ 10, which is 1/47? times the m.m.f. per cm. 3 
due to the orderly atoms. If a piece of iron in this state is 
placed in a magnetic field of II lines per cm. 2 with tho direction 
of its magnetization perpendicular to the direction of the flux * 
in tho field, each atom will be acted on by a torque equal to 
Iallj 10 as already found, so tjiat the couple on the piece of 
iron which tends to turp it to lie along i^ie dilution of the 
field is Nlallj 1(5 dyne-cm. J>er cm. 3 — HJ, i.o. 


/Couple* \ _ /Fluy density of\ f / Intensity of # \ 
vper cm. 3 / \ applied # field / \magnetization/ 


Couple = IIJ dyne-ciru, per era. 3 when H and J are at right- 
angles. J can be measured if tfye coup^ in^a knpwn field II is 
measured, but N, /, or a jannot be measured separately. 

* The flux density in the iron duo to tho m.m.f. of the atpmic 
currents is 4nJ lines per cm. 2 ff there is an applied field H 

• lines per cm. 2 ^he total flux density is B — H -j- 4 irJ. 
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Though only iromhas been discussed sb far, there are two 
other metals which are magnetic. They are nickel and cobalt. 
In addition alloys containing one or mor^ of the three magnetic 
metals may also be magnetic, as well as a special group of alloys, 
known as Heusslcr, containing no magnetic metal. The mag¬ 
netic Qualities of these metals and their alloys vary enormously* 
from one another. They differ in (a) the flux density of the ex¬ 
ternal field required to approach saturation, i.e. to get over the 
upper bend on the curve in Jb’ig. 59 towards A ; (6) the residual 
magnetization OB left after being magnetized to A ; (c) the 
coercive force OC, i.e. the reverse flux density of the external 
field required to demagnetize the material. The range met with 
is shown in the following table. 

TABLE V. 

Macinisttc Propjciitiks 



Satura- 

Residual 

! n 

; Coorcivo 

! Hysteresis 


tion ./ 

J i 
1 

Force 

[ (orgs per cycle) 

». 

Swedish iron 

1 700 

1 350 . 

0-7(5 

7 300 

Very mild stool, annealed 

1 704 

1 400 

0-37 

3 820 

Steel .... 

1 580 

800 

10-5 

9S 000 

Stool, hardonod . 

1 -too 

700 

52 

K50 000 

Gust. iron, inmnnoulod . 

i 300 


lit 

35 500 

Cast iron, annealed 

1 330 

320 

4-(5 

14 500 

Tungsten stool, (jiionc.liod 

1 230 

' 850 

70 

200 000 

Tungsten stool, not liar- 





doned 

1 500 

900 

20 

115 000 

Cobalt chrome stool 



230 

. 

* Silicon steel (stulloy, 





lohvs, otc.) . ,. 

1 00« 

1 300 

0-0 

1 000 to 3 000 

Nickel 

j!70 

284 

7-5 


Cobalt * . . 

_j__ *■„ 

030 

_ 

1 200 

1 

_r 

7-8 

i 

19 000 


The intensity of magnetization which is produqpd by a given 
magnetizing flux density varies groatly with the material 
tested. *Tlie ratio J/H is called the susceptibility k. It is not 
a constant by any means, but rises J^o a maximum and tends 
to zero as saturation approached. .Fig. GO shows curves of 
susceptibility for Soft iron, nickel, and tungsten steqh It is, 
of course, most economical for any* purpose, to use material' 
which has a high susceptibility in the region of that flux 
density in which it is to be employed, and if ths^susceptibility. 
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is at a maximum it {nay, for small changes of H, be treated 
as a constant without any appreciable error. _ 

The ratio of the total flux density obtained to the flux 
density applied to produce it is called the permeability^ The 
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m (k --- Jfll for various valuers of H) 

Greek letter /i (pronounetui mow) is used for this ratio. The 
total flux density B is the sum of the applied flux density 11, 
and that eontributecl, bv the local magnetization J, which is 
4:77 J. That is 

B — 1J \-\ttV 

n — jj ■- 1 I 1 + VttI: . 

As 4irk is muelFgreater £k;fn J , it is practically equal to 4nk, 
and the curves of susceptibility in Fig. GO can be tak^n as 
giving the value, of uf4m r riie maximum value ofc. the sus¬ 
ceptibility (or permeability) oacurs at a field strength about 
equal to the coercive foroq u • 

G. Magnetic Circuit (Including Iron), fljie results of the last 
section rq|ty now be applied to the estimation of the flux in a 
magnetic circuit containing iron. 9 

The magnetic Ohm’s law for a circuit containing no mag¬ 
netic material ^ras considered in Section 2 of this chapter 
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(p. 85). It may now be extended to the case of a circuit 
in which iijon forms a part. Consider a topoid wound on an 
iron core. Actually, as has been seen,^the total m.m.f. avail¬ 
able for providing liux has been increased by the presence of 
the iron. It is, however, far moye convenient to regard the 
reluct;*nce of the path as having been reduced instead of tile 
m.m.f. increased. Either idea can lead to the same result- 
in the equation « 

m.m.f. =c flux X reluctance 


Use is made of the expression B juJI. H is given ^as before 
by (4V/10) (IN/l );*the total flux 

0 = Ba — fiHa 
4it IN 


= f* 


10 l 


a 


which can bo re-arranged as 

^ y.v - <D — 

> * 10 ua 

* 1 *i 

Here is evidently the reluctance of the iron core of the 
toroid. „ 

As will bo realized from what has been said previously, the 
reluctance of magnetic materials, being inversely proportional 
to the permeability, depends to a large extent on the flux 
density. It is by no means as constant .as electric resistance, 
and this must always be borne in mind when using the 
“magnetic Ohm’s law.” The reluctance of air-gaps and of 
non-raagnetic materials is however quite constant; it is simply 
the length of the air-gap (in o n.) divided by its cross-sectional 
area (ip crrfT-j. 

The form of tho expression for the reluctance may be 
compared with that for resistance 


R 


L-*L 

^a aa 
0* 


where p (G^oek rho) is the resistivity of the material and 
a (Greek sigma) is its conductivity For the reluctance 

b-L 
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Permeability in ihe magnetic circuit »thus corresponds*to 
conductivity in tjie electric circuit. # 

Two assumptions h^vc been made in obtaining this expres¬ 
sion. • • # 

(i) It has been assume^, that the diameter of the cross- 
Section is small compared with that of the toroid, so thitt each 
line of flux is sensibly of the same length and the lines are 
uniformly distributed across the cross-section. 

(ii) It has been assumed that th<jre is no leakage flux; that 
is, that all the lines thread all the turns of wire. Actually 
there is always leakage which may be quite considerable if 
non-magnetic materials form part of the (?ireuit. The “insula¬ 
tion ” of a magnetic circuit is not nearly so perfect as that of 
an electric circuit. 

With these limitations understood, the magnetic circuit 
idea can be used to estimate the ampere-turns requirod to 
produce required fluxes (generally in air-gaps) in more com¬ 
plicated cases. Suppose, for instance, that a saw cut is made 
in the iron ring, so that a short air-gap of length l g is made 
in the magnetic circuit. The reluctance of the air-gap is IJa* 
that of the iron is 1/fia (l is still nd very nearly), and the two 
so that 



Here again an assumption has been made that there is no 
“fringing” at the air-gap; i.e. that the lines go straight across 
the air-gap instead of bulgihg out at the edges as they actually 
do. * 9 

One most important difference between the electric and 
magnetic circuits must # be borne in min$l. JTi the # electric 
circuit there is dh actual flcfto (of electricity), and a continuous 
expenditure «f energy is necessary, because of the resistance 
of the circuit, to maintain the flow. lit the magnetic; circuit 
there is no actual flow and no expenditure of energy is neces¬ 
sary to maintain the magnetism. It is true that energy is 
expended in the electric circuit providing the magneto-motive- 
force, but this has 'nothjpg to do with the magnetism. It 
•arrives only from the resistance of the electric circuit. If the 
resistance of the circuit were zero no power at all would be 
•required. * 
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ISot that magnetism is wholly unassociated with energy. 
Energy is # required to establish the magnetic field, and this 
energy is stored in the field and is available when the field 
collapsed. In this way the magnetic field may be compared 
with the electric field of the last qhapter. The energy stored 
in the c olectric field of a condenser was seen to bo \C V 2 ; the 
energy stored in the magnetic field of an electric circuit will 
(in the next chapter) be seen to bo \Ll 2 , where L is a property 
of the electric circuit knowp as its inductance. 

It must always be remembered also that lines of flux have 
no .actual existence. They are merely a.most useful conception 
of value in obtaining* a mental picture of electric or of magnetic 
fields, and of estimating quantitatively the effects that are 
produced at different points in the fields. They merely repre¬ 
sent in a simple way something which does exist in the field. 

7. Permanent Magnets. A permanent magnet is a piece of 
steel which has been magnetized up to Stage A on the curve 
of magnetization of Fig. 59, and then brought to Stage B by 
removal of the magnetizing flux. In order that the residual 
flux shall remain at a constant value, steel of high coercive 
force is required. The residual magnetization may be reduced 
by (a) a demagnetizing field, (b) mechanical shocks, (c) varia¬ 
tions of temperature. It is found that a steel which is not 
seriously demagnetized by one of these actions also resists the 
action of the other two. Mechanical shocks and heating set 
the atoms vibrating and so tend to produce disorder in their 
ranks. It has also been found by experience that a proportion 
of the residual magnetism is very lightly held and easily lost, 
but the remainder's difficult to remove. The method used to 
produce a magnet of great permanence is to choose first a 
material of'‘high coercive force. Next, the shaped piece of 
steel is magnetized past the upper bend on the curve of 
magnetization, and then after removal from tin magnetizing 
field it is put in boiling water a few times to shake out the 
magnetization, which is loosely held, and to keep only the 
intensity oi magnetization, which is "ot easily lost. Permanent 
magnets were originally made of high carbon steel, i.e. tool 
steel, with a coercive force of from 20 to 40 lines ?per cm. 2 
Later tungsten steel was used, having a coercive force of 70-80 
linos per cm. a , when properly treated, along with a reasonably 
high residual magnetization. Cobalt chrome snel is now used 
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as it has a much higher coercive force still.# When the composi¬ 
tion of the alloy {yid the heat treatment are exact jfyc coercive 
force may be over 2(X] lines per cm. 2 Naturally, with atoms 
which are so difficult to turn, the flux density required to 
jnagnetize this material is correspondingly high, but only needs 
flb be applied once in the lifetime of each magnet. Pcrwfanent 
magnets are generally of two forms, either straight bars, 
needles, etc., or bent round so "that their ends are brought near 
one another. The prin¬ 
cipal use of the first 
shape is, as a compass 
needle, the usefulness of 
which depends upon the 
fact that if it is freely 
pivoted at its centre it 
will turn so as to set with 
its direction of magnet 
ization along the direc¬ 
tion of the flux in which 
it is placed. This was, 
the only magnetic pro¬ 
perty knowiyinti 1 about 
a hundred years ago. 

The Earth is a per¬ 
manent magnet with 
its direction of magnet¬ 
ization nearly agreeing 
with its axis of rotation. The lines of flux at the surface thus 
run very nearly from South to North. Tlfe lines emerge in 
the Southern hemisphere and «nter # the Earth again "in the 
Northern hemisphere. TJ|e lines are inclined to flic horizontal 
where they entef and leave* and this angle of inclination is 
called the magnetic dip. Very often the horizontal component 
only of the Earth's field”is of interest; *it is this component 
which directs a compass needle*. 

The horizontal direction of the lines deviates from true 
geographical North and South by an'amcyint which varies 
from plate to place and jilso gradually changes with time. 
This error of the compass is called the declination. The lines 
of the Earth’s magnetic field, in a plane through the centre 
ef the Earth, shown inJfig. 61. The variation of the dip 

8—(T.49) ** 
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is shown as the varying inclination of the lines of ••flux where 
they meet the surface. 

The other type of permanent magnet is used where a mag¬ 
netic flUx of constant strength is required, as in moving coil 
instruments. The linos of flux pass round in the body of the 

magnet and complete the loop 
across the gap between the 
"two ends. The places where 
the lines of tilt? flux leave the 
metal and enter the air are 
called'the poles of the mag¬ 
net. “Pole’ is a word mean¬ 
ing “end.” These are the 
ends of the orderly strings of 
atoms in the magnet. The 
lines of flux spread out from 
one pole and crowd in again 
at the other forming closed 
loops through the body of the 
magnet. If the gap were 
completely filled with iron so 
that the lines were carried 
across by the m.m.f. of the 
atoms in it, there would be 
no spreading out of the lines. 
If a coil‘were wound on this 
iron in the gap and a de¬ 
magnetizing current passed 
through it which had the same 
m.m.f. as the atoms of iron in 
the gap, things would be the 
same as if the iron in the gap 
were taken aWay. A gap in 
a magnetized iron ring therefore behaves as *a demagnetizing 
m.m.f., and has a tendency to demagnetize the magnet. The 
gap should therefore be a£ small-as possible. The poles of 
magnets for* instruments are for this reason provided with 
pole-pieces of soft iron, and only sufficient room is left to allow 
thevi moving parts freedom of motion. To adjust the flux 
density in the gap to the required value a piece Qf soft iron 
may be laid across from polo to pole. This fobs the gap of 
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some of tlie flux carried by the magnet, *and by varying the 
position of this iq^gnetic shunt the flux in the gap # ig adjusted 
to the desired value. The shmit is shown dotted in Fig. 62. 

8. Moving Coil Instruments. The torque exerted on a coil 
parrying a current in a magnetic field is the principle most 
Addely used in the construction of instruments for measuring 
direct currents. If the magnetic flux is kept constant the 
couple G is simply proportional to the current in the coil. If 
the torque is balanced by a spring tjio deflection of the spring 
will be proportional to the torque and thus to the current. 
The constancy of th# instrument, which is its accuracy, 
depends on the constancy of the magnetic field and of the 
elasticity of the spring. Permanent magnets are suitably 
shaped pieces of one of the magnetic metals or alloys which 
have a magnetic flux permanently linked with them. With 
suitable material and prqper methods of magnetization this 
flux is remarkably constant, particularly when cobalt stool is 
used. Hard rolled bronze is used for the; springs and when 
properly treated its elasticity remains very constant. 

Fig. 62 shows the construction of a typical movihg coil* 
instrument. N, 8 arc the ends of a horse-shoe shaped per¬ 
manent magnet which provides a flux of constant strength. 
Iron pole-pieces, and V J 2 , convey the flux to the space in 
which the moving coil C rotates. The faces of the pole-pieces 
aro bored out to make a cylindrical hole, and tliis is kept true 
by brass or other now-magnetic distance-pieces d at each side. 
Fixed to*those is the soft iron core K, which is thus held con¬ 
centric with the pole faces.* The coil is pivoted so as to turn 
on the axis of the cylindrical cavity. This arrangement enables 
a small gap to be used and y<*t gives free movcment*to the 
coil. Current is led intq and out of the t coil Ty the spiral 
springs T at tojf and bottofti. Those springs .also provide the 
opposing torque oir the coil when it is deflected, argl the 
amount of rotation of the coil is measured by a pein^er and 
scale. The flux provided by t^o ^magnet passes across by the 
shortest path from the poJe-pieccs»to the core, so that the lines 
of flux are radial and therefore tjiey lie’iji the phtfie of the coil 
whatever its deflection. Jho flux density is constant in all 
'positions of the coil; thus the deflecting torque HnAI/10 KI 
depends only on the current. 

• The opposi^ torque due to the springs is proportional to 
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the deflection 0 and t so is equal to sQ, if s is the stiffness of the 
springs, \yjien the coil comes to rest therefore sQ — Kl or 



C 

the cut rent is proportional to the deflection and the scale 
divisions are equal for equal increases of current. 

This type of current measuring instrument is the one most 
generally used for d.c. measurements. Instruments can easily 



be made with a coil of 10 ohms resistance to read down to 
2 microamperes per mm. division of the scale, and by shunts 
.and series resistances any higher range of amperes and volts 
may be obtained as explained Ui the preceding chapter. 

(Greater sensitiveness to small currents may be obtained by 
suspending the (soil by fine bronze strip instead of usiyg pivots 
and spiral springs. Currents down to one-hundredth of a 
microampere may,,thus be'measured. These instruments are 
used ii? detecting the balance ydicn using a Wheatstone bridge 
or a potentiometer, and are known as galvanometers. 

9. Moving Iron Instruments. Consider a eh cular coil carry¬ 
ing a t current and situated in the diverging fielckfrom the end 
of a solenoid or bar m agnet (Fig. 63 (c) ). The, coil is supposed 
already to have turned so that !hc flux due to its own current 
is in line with the flux of the solenpid, and the directions of 
the flux and current may be as indicated by the arrowheads. 
It will be shown that there is a further force on the eo\l tending 
to attract it towards the solenoia. * This force arises because 
of the spreading out of the lines of flux. 

For considering the elevation of (l Fig. 63 (6)'\£he force F on 
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each clement of length of the coil, which must be at ridit- 
angles both to thy field and to the conductor, canj^f; resolved 
into two components J? x parallel to the axis of the solenoid, 
and F 2 perpendicular to the axis. All the forces F 2 caftQpl out 
far as movement of the coil bodily is concerned, but the 
fbrees F 1 add up and draw the coil towards the solenoid* 

The coil moves in fact to a place of greater flux density so as 
to embrace more lines of flu*, and this is a general rule for 
all movements of current-carrying coils in magnetic fields. 
Even the forces F 2 would, if they 


could, stretch out tin* coil so as 
to make it embrace more lines of 
flux. 

Now suppose the coil to be re¬ 
placed by a piece of iron. The 
atomic currents will first tuxi so 
that their m.m.f.'s are in line with 
those of the flux and then will try 
to move so as to embrace more 
flux. Each atom bellows in fact 



as the coil, and as a result the iron Iron Ammktwr 


is attracted towards the; end of the 

solenoid. If the iron were already completely in the uniform 
field inside the solenoid it would experience no force. 

Iron in a magnetic field is finis magnetized aful also drawn 
towards the stronger parts ol* the field. This attraction can 
be used to measure a current. Instead of using a magnet to 
produce the magnetic; field,*a coil is used through which passes 
the current to be measured. A pfece of iron is supported by 


a pivoted axle w hich also carries a printer (Fig. 64). A current 
in the coil magnetizes thy iron and draws if intT> the stronger 
part of the field. Tile fordb of attraction increases with the 
current. Further, if the current is reversed there is still the 
same attraction* so that the instrument f may be utfljd for a.c. 
measurements. The distribution of the divisions on the scale 


of the instrument may be varied by varying the; shape and 
position of the moving iron. Fixed piccfeg of, iron* also magnet¬ 
ized by 4he current to bq measured, are sometimes used in 
'the construction. They affect the flux density and the diver¬ 
gence so that the required sensitiveness and length of scale 
*may be oljtairpu. 
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£ Magnetic PulK The pull which can be exerted by a 
et may be very great, and is used in ipany ways practi¬ 
cally. Consider two parallel flat faces of iron with a flux 
density of B lines per cm. 2 across the gap. This means 
practically an intensity of magnetization J — B/4tt in each, 
It carl bo shown, and it is easily understood, that half the flux 
in the gap is due to the m.m.f. from one side, and half to the 
m.m.f. from the other. The flux due to one of the iron faces 
does not produce any pull on the iron on that side, conse¬ 
quently the pull is entirely caused by the flux due to the other 
side of the gap. This flux has density B/2, and the.result is 



Fig. 65. Lifting Magnet Fig. 66. Telephone Relay 


arrived at that the pull per cm. 3 drawing one face towards 
the other is \B,J — BySn dynes per cm. 2 To produce a large 
pull, as in a magnet used for lifting or in a magnetic chuck, 
as great a flux density is required as can be arranged for, and 
as large an arvia as possible. Now the flux is produced by the 
m.m.f. of a coil carrying a current, and it is known that the 
average magnetizing flux density round any loop linked with 
the coil is times the ampere-tUrns per centimetre length 
of the loop. For o given if umber of ampere-turns the length 
of path round the loops of flur: should be as short as possible 
in order to g ei, a strong magnetizing flux density and therefore 
a high density of magnetization J. ' The area tff the iron should 
be alsjio as largo as possible. These ideas'lead to the form of 
magnet shown in Fig. 65 in section (the liner of the flux aro 
shown dotted). 

Another type of device in which this pull is used is the 
telephone rejav showil in Fig. 66. The movement of the 
armature A under the pull at the gap" G is caused by the 
current in the winding W connected to the terminals T v T ti 
and makes and/or breaks the contact which connects or dis¬ 
connects the terminals and S 2 „ The flux passes' from the 
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fixed to the moving 1 part of the iron circuit at the knife esfge 
on which the armature rests, and so to the gap ^tween xlie 
core and the armature. With a given gap between the core 
and the hrmature and a certain pull required against gravity, 
& certain number of ampere-turns is required to produce 
Enough flux to operate the'relav. These* ampere-turns# flan be 
provided by winding a suitable number of turns on the core 
according to the size of the cifrrent available for the relay. 

A third type of apparatus in which the pull of a magnet 
across a gap is employed is illustrated by the telephone 
receiver* shown in Fig* 67. A per¬ 
manent magnet M produces a 
steady flux between the pole pieces 
P and the soft iron diaphragm J). 

Round the pole-pieces many turns 
of fine wire are woimd. The alter¬ 
nating speech current passes round 
these windings, and alternately in¬ 
creases and decreases the flux pass¬ 
ing between the pole-pie cos and the 
diaphragm. This produces a fluctuating pull oil the diaphragm 
and sets it .in motion, the movement corresponding to the 
changes of current. Thus the air is moved and sound waves 
carry the speech to the ear of the listener, if the steady flux 
density is B and this is increased at a certain instant by an 
amount b due to the speech a.e., the pull per square centi¬ 
metre is* increased from B 2 /8tt dynes to (B -j- b) 2 / 877 dynes. 
The increase is 

b 2 ' 

77- dynes#per cm. 2 

07T ^ 

b 2 is negligible compared with 2 Bb, so that the change in 
pull is Rfe/47r*dynes*vcry nearly. # 

If the flux density i» diminished l»>* b then the pull per 
cm . 2 is diminished by Bb/^n dynes. The pull on the diaphragm 
varies in this way in proportion to the a.c. speech current and 
the sound heard is intelligible. Without the permanent magnet 
to produce the steady flux B the flux density would vary from 
* + 6 to — b and the pull would increase by b 2 /877 in each jease. 
The motion of the diaphragm would be inward whether the 
•speech cilrrent/was in oqe direction j or the other, and the 
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sound heard would not be intelligible, and would be-very faint. 
In addition to faithful reproduction the polarizing magnet , as 
the permanent magnet is called in this and similar cases, 
increases the sensitiveness in the ratio of the pull in' the two 
cases, i.e. 2B/b times. 

11. 'Foie Strength and the Magnetometer. It can very web 
be imagined that the flux lines from each end of a very long 
solenoid (or bar magnet) spread Put uniformly in all directions 
in the same way as the electric flux lines from an isolated 
charge (Fig. 46 (b) ), and that if two very long solenoids (or 
bar magnets) arc placed end to end, but with the ends some 
distance apart, the flux lines will have the patterns shown in 
Figs. 46 (c) and (d) for the electric flux lines between like and 
unlike charges respectively, according to whether the m.m.f.’s 
of the solenoids are in the same or in opposite directions. 

It can, in fact, be imagined that at the end of the solenoid 
or bar magnet there is a “magnetic charge” which causes the 
magnetic flux in the same way as an electric charge causes 
the electric flux, and mathematically there is no objection, 
•and the whole theory of electromagnetics is usually built up 
on this assumption. The imaginary magnetic charge is usually 
called a magnetic pole , and it is supposed to have a certain 
strength and sign. The inverse square law applies to magnetic 
poles, so that if m x is the strength of one and w 2 that of the 
other, the forte between the two when r cm. apart is m^mjr z 
dynes. Unit pole strength is defined from this equation. 
N-poles are those from which the lines of flux proceed and 
S-poles those to which they proceed. Field strength is defined 
by the force oxfcrted on a ufiit N-pole. 

If a sphere of radius r iu drawn round the end of a very long 
solenoid, r being large compared with the diameter of the 
solenoid but small compared with its length t\ the area of the 
sphere is 4-rrr and the flux density H across it>may be con¬ 
sidered uniform and (jqual to <J>/47 tt 2 , Vherc <I> is the total flux 
from the solenoid. But 


, **7 T 

o = — 

* 1 d v 


H = 


47r NI 
lO ’ l 

47r NI 
10 ‘ 


- • a 


T 


477T 2 


NIa 
16 1 


1 



and hence 
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But in terms of the pole strength m of the solenoid tliijT is 
equal to m/r 2 . § • 

Hence rn — 'NIa/lOl and <I> = 477??/, 


^e. from each unit pole theje are 47 t linea of flux. # 

If a long iron rod of cross sectional area a x is placed in the 
solenoid, it is magnetized, say, with an intensity J , the total 
flux from its end is 477./?? 

and the field strength at • r -i \ 

radius r is , Yh \ flf-'E 1/ 

II 


Use is made of these 
expressions in experi¬ 
ments with the magneto * 
meter. 

A magnetometer is an 
arrangement of a magnet¬ 
ized needle suspended So 
as to bo free to rotate in a 



D.c 

source 


Fiu. (>8. Mao nktomtotkk 


liorizontal plane, with some means of reading the angle through 
which it turns. The reading may be made by a pointer on a 
scale divided in degrees or by 41 mirror and scale using a beam 
of light as a pointer. When there is no other"maglietic flux 
the needle will set itself along the direction of the horizontal 
component II e of the earth’s magnetic flux. If another flux 
whose density it is desired to measure is .arranged to be at 
right-angles to the direction of Il,„ the rei?ult*ant flux It will 
be inclined to both as in Fig. t>8 (aj. This figi^e shotvs two 
fluxes at right-iyigle^, one lines per cm/ the otli enF lines 
per cm. 2 The resultant flux has a magnitude and direction R, 
and it is along It that Jthe needle will f set, and 0 the*angle 
between H e ancf R can be read. Clearly, 


F — II tfm 0 

e • 

• • • • • 

To determine II e , a sojenoid is arranged vertically as in 
Tig. 68, with one end due west of the magnetometer,.and 
distant r from the centre of the needle. Current is supplied 
-to the solenqia from a d.c. source, j and for each current 
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i. 

I the field F at the magnetometer is, as has been shown 
above, 


a 

»* 


F 


NIa J. 
10/ ‘ r 2 


(Fof(this (experiment the coil G is removed.) 

The deflection 0 is noted for various currents / and.distances 
r and for each the earth’s field is found from 


H" e — FI tan 0 

This experiment serves at the same fjjmo as a determination 
of the horizontal component of the earth’s field and aTerifiea- 
tion of the truth of the inverse square law. 

The magnetometer can also be used for a more precise 
determination of the hysteresis loop of Fig. 59 than is possible 
with the apparatus of Fig. 55. The arrangement is as shown 
in Fig. 68, the coil G placed clue east of the magnetometer 
being so disposed that, when there is no iron rod in the 
solenoid, the coil G and the solenoid produce equal and 
,opposite fluxes at the magnetometer, and hence no deflection. 
When a long iron rod of the material to be tested is put into 
the solenoid the deflection of the magnetometer is due solely 
to the magnetization of the rod. The flux density F at the 
magnetometer due to the magnetization J is, as has been seen 
above, ^ 

it J (l 

F = — 

r* t 

t 

where a is the cross-sectional area of the rod. IJ e has already 

been determined dhd the reading 0 gives J since 
* / 

' F = $ “ H. tan P 


and 


T H P tan 0 „ 
j = —i - r - 


a 


The m.m.f. of the coil is 47 >-/jV/ 10 and 5 = 4 rrJ (very nearly), 
so that all the data required for the curve of Fig. 59 can be 
obtained. 

Actually it is more usual to plot the magnetizing flux 
H = 47 tIN/101 horizontally instead of the m.m.f., and the 
curve is then known as the B-H ou^ve. 
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Starting *with the rod demagnetized a gradually increasing 
magnetizing field ^s applied and the corresponding # dcflections 
of the magnetometer f are noted. From each value of the 
current the magnetizing field H is calculated and frojja the 
tangent of tho deflection of the magnetometer, the intensity 
df magnetization J. In thil way curves of magnetization can 
be obtained for any sample in the form of a rod. After reaching 
the maximum the magnetizing current is gradually reduced 
to nothing, reversed, increased to the maximum, reduced and 
reversed so as to complete the cycle. 






CLASS EXPERIMENTS 

ON THE SUBJECT OF CHAPTER ITl 

1. Make iron filings maps of tho holds of a circular coil, two parallel 
co-axial coils, a solenoid without yr with an iron core, and a toroid; 
a bar magnet, a horse-slioo magnet, and a horso-shuo magnet with a 
shunting iron bar. 

2. Map the field of a vertical straight curront with a compass needle 
showing the distortion of tho shape of tho flux lines by tho Earth’s 
field. Find the point at wjiirh the Earth’s field and tho field of tho# 
current neutralize each other, and measure tho distance d from this 
point to the conductor. Show tho current strength I divided by d is 
a constant when tho current, is varied. 

3. Using a numbor of different toroids, show, using tho apparatus 
of Fig. 53, that tho flux density dojionds only on tho product NI/l. 
Confirm as far as N and I are coint»rnod by the apparatus of Fig. 58. 

4. Using tho apparatus of Fig. 54, show that the force on a conductor 
is proportional to tho product till. 

5. Plot *he hysteresis loop of the mugnoLio circuit of the apparatus 
of Fig. 58 in the manner described in the toxt. 

6. Use the mngnotomoter and tho apparatus sejf up as in Fig. 68 to 

find (i) tho horizontal component of tho Earth’s magnetic field, (ii) tho 
hysteresis loops for rods of annoaleif soft Iron, unnoalofl tool steel and 
hardened tool steel. # # 

7. Calibrate a irlbvingfiron instrument against a moving coil instru¬ 
ment for irieroa^ng and, decreasing currents, and look for any hysteresis 

effect. _ > 

« • 

EXERCISES 

1. Calculate the torquo on ft, coil of rectangular shape 3 cm. X 2-5 cm. 
and 50 turns in a magnetic field whejre tho ffi%x den sit j% parallel to the 
plane of t%e coil is 1 60(5 linos/cm. 2 . Tho curront in the coil is 20 mA. 

• * (1 125 dyne-cm.) 

2. A bar of copper is carrying a current of 1 500 A. in a magnetic 

field of 40Q lines^ttn. 8 perpendicular to the bar. Calculate the load 
per ft. on the by. • , (4*1 lb. wt.)^ 
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ft. A solenoid is 26xm. long and 5 cm. diameter and consists of 
1 OyO turns of wire. Find the magnetic flux density and the total 
flux in it, $f±on a current of 1*3 A. flows through the wire. 

(63 lines/cm. 2 ; 1 240 lines.) 

4. If the susceptibility of a magnetic material is 3*5, what is its 

permeability ? (45.) 

5. A ^oft iron ring of cross-section \jl 2*5 cm. 2 and radius 10 cm. ii 

wound uniformly with 250 turns of wire. Calculate the flux in the 
ring when the current in the winding is 0-1 5 A. Tho permeability may 
bo assumod to be 650. M (6 100 lines.) 

6. By how much must the current in Question 5 be increased to 
produce the same flux if there is an air-gap of 1 mm. in tho iron ring? 

(0-155 A.) 

7. If tho effective area of a lifting magnet is 1 sq. ft. and tho flux 

density is 1 000 lines/cm. 2 , what is tho maximum woight that the 
magnet can lift? (83*2 lb.) 



CHAPTER IV 

ELECTROMAGNETICS J THE GENERATOR EFFECT 


1 . Electromotive Force. A slusly has now been much* of elect ro¬ 
lysis, the heating produced by a current, the magnetic field 
which is set up round the line of flow of a current and the 
motor effect, that is, Jbhc force which acts on a conductor 
carrying a current when it. is in a magnetic field. Tn all these 
eases a source of current was mentioned but nothing was said, 
really, about what that source might be or how the electricity 
was driven round the circuit setting up potential differences. 
It has been seen that if there js sueh a source, current flows, 
setting up p.d.’s according to the resistances and the capaci¬ 
tances in the circuit. There remains now the studv of the 

1/ 

sources which can be used to produce the current. 


It was pointer! out wjien discussing electric charges "that a, 
source could bo measured by the amount of work it did per 
unit charge delivered. This, by the law of the conservation of 
energy, musf be the same as the amount of work which the 
unit charge, would do in passing round the circuit. This 
energy put into the circuit p<ft coulomb is called the electro¬ 
motive force (e.in.f.) of the source and can be measured in volts, 
for the member t >f voft s is a measure of the energy per coulomb 
in joules. The difference between e.m.f. and p.d. is tliis- 

The e.m.f. is the energy put. in by the sourct^por unit of charge, 
it supplicsy^znd the p.d. between ajiy tm> points is the work which 


can be done by unit charge passing from one pointlo the other. 

(loirig back toHhe Analogy of the water pump and fanks i 


alogy 


pump 


the lirst chapter, the e.m.f. corresponds to the energy u^cd in 
driving the puny?-per cifc ft. of water sApplied, ami the p.d. 
corresponds to the pressure lie^d developed in each part of the 
system of pipes or apparatus connected to the pump. Tf thd~ 


output of the pump is throttled so that the flow is reduced 
and finally stopped, the pressure head at'the throttle increases 
to the maximum the pump can generate.. In the electrical 


case the maximum p.d. the source can produce is its e.m.f. 
)Vhen the Throttlling does not stop the flow, there will be some 
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frictional loss in thp pump, so that the pressure head at the 
output is* ipss than the maximum. When^an electric source 
is supplying a current the p.d. at the output terminals is 
belovy the maximum possible, because of the work done in 
pushing the electricity through the resistances inside the 
soureft* This gives the power relation 

El = VI. + PR 

El — e.m.f. in volts x current 

— energy input from source per see. 

VI -- p.d. at terminals x cun ont 

= energy output from terminals per sec. 

I 2 R — work spent internally per sec. 

Dividing this equation throughout by I gives 

E = V + IE 
or V — E — IR 

E the e.m.f. and R the internal resistance of the source are 
the two quantities which belong to the source and which have 
to be reckoned with in every application. 

An e.m.f. can be put into a circuit by chemical or magnetic 
means. The chemical effect will be studied in the last chapter. 

The magnetic production of e.m.f.\s will now be considered. 

2. Magnetic Induction. In the last chapter it was shown 
that a movement of electricity—a current—produced, in the 
space round the line of its movement, a condition of strain of 
a particular kind. This is called magnetic Jinx, and the amount 
of the strain is measured by the Jlux density and can be 
represented by so many lines of flux per cm. 2 . Movement of 
electricity produces magnetic flux. Can this be worked back¬ 
wards, and can magnetic flux produce movement of electricity ? 
It was not till some time after the first action was known that 
the second or reverse effect was discovered. The problem was 
solved by Faraday, and the solution is known as Faraday* s 
laws of induction of currents. 

(a) Induction in Coils. The induction of currents may be 
studied experimentally with the apparatus of Fig. 53. The 
phenomenon has in fact already been used to indicate the 
equality of magnetic fields. In this apparatus the toroid which 
produces the magnetic field may be called the 'primary coil. 
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and the small coil which is connected to tfce ballistic gal vario¬ 
meter may be called the secondary coil. The ballistic galvano¬ 
meter should have a loqg time of swing, long, that is, compared 
with the *time of any of the movements of the secondary coil 
that are to be made. In that case the throw of the ballistic 
galvanometer will measured the total charge or quantity of 
electricity that has passed through its windings. 

Experiments should be made as follows— 

With a certain current flowing in tbe primary coil— 

(i) The secondary coil, initially with its plane at right-angles 
to the lines of flux, is thrned through a right-angle, so that its 
plane is finally parallel with the lines of flux. In this way the 
lines threading the coil, duo to the field established by the 
primary current, have been changed from a maximum to zero. 
Note the throw of the galvanometer, and note also that the 
throw is the same whether the*secondary coil is turned slowly 
or quickly. Note also that if the secondary coil is turned 
through a further right-angle the same throw is obtained, but 
in the reverse direction. 

(ii) . Repeat with sec®ndary coils of different numbers of* 
turns and different areas. Note that the throw is directly 
proportional.to the number of turns and to the area. 

(iii) Repeat with different primary currents, that is, with 

different field strengths. Nqtc that the throw is directly 
proportional to the field strength. # • 

(iv) Repeat the experiment, but instead of turning the 

secondary coil, take it completely away from the primary. 
Note that exactly the same results are obtained, and that if 
the secondary coil is put back iAto the jffiiAary, the same 
throw is obtained as when it wa% renfoved, but in the opposite 
direction. , . m 

(v) With the* secondary* coil in position embracing the 

maximum fluSfc, interrupt the primary current by means of 
the switch. Note that tbe same throw is produced aa would 
be produced by removing the coil. Note also that on starting 
the primary current the "same thfow is produced, but in the* 
opposite direction. *. • • 

In all these cases, Tby one means or another, the number of 
lines of flux, <J>, threading the secondary coils has been changed 
from 0 tq zero#and the quantity, Q, of electricity which is 
caused to flo^f by this change is found to be proportional to 
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tire primary field strength H, the area of the secondary coil A, 
an* its munber of turns N. In fact, Q is proportional to the 
product HAN , i.e. to the product 0 N, since HA is evidently 
0. TJi® product 02V is termed the flux linkages of the second¬ 
ary coil, or simply the linkages, and may bo denoted by A 
(Greek* capital lambda). •< 

Now the current, i, at any instant in the ballistic galvano¬ 
meter is the rate of change, of the quantity flowing in it, which 

can bo written Q. The current flows because of an induced 
electromotive-force e, induced because of the change of linkages 
A through the coil. At any instant Ohm’s law applies, and 
i = efll where R is the resistance of the secondary circuit 
consisting of the secondary coil and the galvanometer. Thus 

; - J t ~ « - kA 

where the dot over Q and A indicates that the rate of change 
is intended, and k is a constant. 

From this, 

e = kRA ' 

which, since R is also a constant, shows that the experiments 
have established that the c.m.f. induced in a coil is propor¬ 
tional only to the rate of change of flux linkages with the coil. 
Actually »the units are such that kR — 10~ 8 for a to be given 
in volts. _ 1 

The direction of the e.in.f. and current is found by Lens's 
I jaw, which states that the induced current flows in such a 
direction as to‘try to prevent the change which produces it. 
If, for instance, the flux linkages are being reduced, the induced 
current will how in such a direction as to increase the flux 
linkages, and so on. This law combined with the corkscrew 
rule, enables the direction of the induced e.m.f. to be found 
at once. Lenz’s law is a direct consequence of the principle 
of the conservation of energy. . 

' ( b ) Induction in a Straight Conductor. In the last 
section the phenomenon of induced electromotive forces and 
currents has been arrived at by independent experiment. But 
actually the phenomenon is a necessary consequence of the 
facts established by the experiments of the last chapter. 

It was found, for instance, that a conductor of length l 
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carrying a currtmt I in a magnetic field II at right-angles fio 
the conductor experienced a force HI If 1(9 dynes. In Fig.-69 
the conductor A3 is shown as moving to the righblinder the 
action of the force F, the current I flowing upwards and the field 
H being indicated by the dots as upwards through the paper. 
•Che field H is maintained constant. Those relative directions 
arc found by the left-hand rule (p. 88). * 

Now when the conductor moves, work is • 
done, equal to Fx if x is the distance . 
moved through, and the energy required 
for this work must eorqp from the source 
supplying the current /; there is no- . 
where else for it to come from. If R is 
the resistance of the conductor AB and 
V the p.d. between A and B, while the • 
conductor is stationary V -- IU and . 

Vlt — RCH joules, i.c. the energy sup¬ 
plied by the source in time t is wholly 
used up in heating the conductor. But 

if the conductor moves a distance * in Vm m | Nm:f w is. 
tlie time t anti in consequence does work y T[lAI(;J1T Conucctou 
of amount Fx ergs — Mr 10 7 joules, 

the energy YIt supplied by the stmreo must also include this 
work, and in consequence 

vn am ]• Fx x io- 7 

• — rih + mu x io-* 

« 

Now lx is the area passed over by the conductor and II the 
flux density. Thus If lx is the total flux cuVby the conductor, 
so that • • 

vit = rih + m X 10- 8 

4 / ' * * 

whence, dividing throughout by It, 

V = RI -f. IO" 8 


= RI f x io * 

.where 0*as before stands for the rate of change of O. 

The p.d. at the ends of the wire thus consists of two parts 
(i) the normal ^sistance drop RI, and (ii) an induced back 

9—(T.«9) 
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pleasure or e.m.f. (D x 1() K . Calling this ti tlio equation can 
bo .written { 

f VI -= HI' 2 + til < 

Tliis jsithe motor equation. VI is the total power supplied, 
HP is the power wasted in licat, and til, which is the product 
of th6iback e.m.f. and the currefit, is the total mechanical 
power, i.e. that part of the electrical power supplied which is 
converted into mechanical poweV. 

The e.m.f. ti — 0 x 1 Or 8 will be seen to be identical with 
the induced e.m.f. of the last section; the conductor has only 
a single “turn” so that N —- 1 and (If-- A. Its direction is 
clearly such as to produce a current downwards, in conformity 
with Lcnz's law. 

Now suppose that the source of the current is removed, but 
that the circuit is completed, and that the conductor is moved 
by supplying to it mechanical power. It is reasonable to 
suppose that the electromotive force is induced in exactly 
the same way as before, since it depends only on llux lines 
being cut, and if the movement of the conductor is to the 
‘right, a current / will flow downwards from B to A. Because 
of this current in the magnetic field, the conductor will experi¬ 
ence a force ti = II11 /10 dynes acting from righ6 to left, i.e. 
opposing the motion, and work Fx must be done to move the 
conductor through a distance .r,,cm. Work must also be done 
to produce hdat, and this is HPt joules, where t is tliQ time 
taken to move a distance a* cm. If V is* the p.d. established 
between the terminals AB of the c wire, the work dofie in the 
circuit external to AB is VIt joules and the work or energy 
equation is ‘ * 

f mu x' iu--*^ i n -i- inn 

Which, £is before, gives •• v, • 

ti — T | HI - 

where ti r (|» x It) 1 '. , 

The ‘wire row acts as a “generator” of electric current. 
'Mechanical power is supplied to the .wire and electrical power 
is produced. ^Multiplying by / gives 

til — VI HP 

4 V 

This' is the generator equation. El is the mechanical power 
supplied to the generator, HP is that part v of th & eleptrical 
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power pro<Jueecl which is wasted as heat in the generator, ajnd 
VI is that part of the electrical power produced which is ijsed 
in the external cite nit. 

The tftiergv equation gives also, by dividing throughout 

.by it, ' *• 

* 111-- X 4o-» - I* I 'ill ,' 

from which it is clear that the induced e.m.f. is Hlr X 10 s , 
where n is written for the velocity ftf motion of the conductor 
x/t in cm. per sec. % 

Thus the two ex]sessions 


E ---= O < 10- K 
E fJlr x 10 s 


volts 

volts 


arc really exactly the same, hut .sometimes one is more con¬ 
venient. than the other. Wither can he written 

Induced e.m.f. ~ Number of lines cut per see. X 10 8 volts. 

The direction of 1h(* induced e.m.f. depends upon’ LenzV 
law as explained above. If can be memorized by the right-himd 
rule. (Compare with the left-hand rule for the motor, p. 8S.) 
The thumb and first and second fingers of the right hand are 
set mutually at right-angles, tpid f hen if the 

• • 

• * Thumb points in the direction of the motion 

and tipi first linger points in the direction of the flux (field) 
then the second ,, • ,, ,, ,, current 

• * • 

Lt may at first sight be thought thjit the eases of this section 
and the last are different. In this section the o*m.f. is # sald to 
arise because tlw conduction cuts lines of llifx ; in the»Iast sec¬ 
tion it was s^id to ;irise because the flux threading a circuit 
wais changed. But in this case the flux dines must^havf) been 
cut by flic conductors of the circuit as the linkages were 
changing, and so the two eases, are really the same. WvCn. 
when the flux clnyige is caused by t-lyo establishing and col¬ 
lapsing ^f a field, tike conductors are eftt by thT) lines, which 
•must he imagined to grow “out of the (primary), conductors and 
spread to take mi their final position, and £o collapse intb the 
# (primary)» eoncl.fetors in the same manner. 
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*3. Alternating e.m.f.’s. The most important case, practically 
of >tho production f of an e.m.f. by the motion of a con¬ 
ductor in a magnetic field is the generator. In this way 
mechanical energy is converted into electrical energy which 
can be transmitted efficiently to the place where it is required. 
The principle used in every generator of electric energy from 
mechanical energy is the movement of a conductor across a 



magnetic field. Jlie e.m.f. generated is II h x 10~ 8 volts, as 
has been seen earlier in this chapter. 

To produce a sufficiently high e.m.f. requires a value of v 
which is numerically large in cm. per sec. This, clearly, can 
only be obtained by a rotation. The conductor, is in the form 
of a coil which is generally of rectangular shape and it is 
rotated in a strong magnetic field. Consider such a coil 
stating about, an axis parallel to its sides in a uniform mag¬ 
netic field of fiux density II lines per cm. 2 Let the length of 
each side of the coil be l cm. and the distance of the side from 
the axis be r cm. A diagram of the coil is shown in B^ig. 70 (a). 
A A'a! a is the coif when it lies with its plane parallel to the 
lines of flux. A little later it has turned to th^position BB'b'b, 
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then to CCJc'c'&nd so on. In the position A A' in Fig. 70 (p), 
which gives an end view of the coil, no fluk passes through the 
coil; as it turns* it encloses more and more linelf until *the 
position •CC' is reached when the flux through the coil is 
greatest. Then the flux linked decreases until the positioh A'A 
m reached with no flux linked. As the noil turns further the 
flux entering the coil in tne reverse direction increadbs to a 
maximum and then declines.^and has reached zero when the 
coil is in its original position. The sides of the coil cut the 
flux and there is therefore an e.rri.f. V induced in each of them; 
e = Hlv X 10 8 volts.% The ends of the coil cut no flux and 
do not contribute to the e.m.f. 

In this formula H and l are constant and only v changes. 
v is the velocity of the side of the coil across the flux. That is, 
v is tho velocity of A a parallel to OC. This is greatest at A 
and gets less and less until C is reached, where it is nil. Tf 
the angle which the coil turns through per sec. is (o, then the 
angle AOB is tot if t is the number of seconds after the coil 
passes the position A A'. The speed of the side of the coil is 
OA X ft), it is constant and is always perpendicular, to the 
planfe of the coil BOB'. If a line OB is drawn as shown per-* 
pendicular to OB, and if OB rotates with the coil and is made 
of length — x OA — (or, OB represents the velocity of the 
coil side B. and the component of the velocity of the coil side 
parallel to 00 is given by the projection Om 0 of OB on OC. 
The cam.f.riue to the*, coil side Jib at any instant is given then by 

• e — Hl % X Om x 10~ 8 volts 

By Lenz’s law this e.m.f. will be in the *4ir#ction Bb, for a 
current in this direction would be acted on by a force qpposite 
in direction to the motion. The e.m.f. in the*side b'B' will 
by the same rifasoiring *be? of equal magnitude and in tho 
direction b'B'^ i.e. raided to the e.m.f. in the side Bb to drive 
a current round the coff. The ends BIV and bb' #ut no flux 
and therefore have no c.ni.f. induced in them. The total e.m.f. 
round this coil of one turn will therefore be ' • 

e.= 2 HI x Om X 10~ 8 • • volts 

* • 

The maximum v^luo occurs when Om = 0E =*= car and is 

• * E = 2Hlajr x 10~ 8 volts 
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B*it 2 lr is the area A of the coil and IIA is the} maximum 

flux <I> threading thfe coil. Thus the maximum e.m.f. is 

#■ 

E — <»<\) X 10 8 *. r volts 


and if the length OE is made equal to this, its projection Om 
will j^iye the e.m.f. at any instant Us the coil rotates. * 

A curve of the e.m.f. plotted against the time can therefore 
be drawn in exactly the same why as described on p. 53. 

The flux linked with the coil is evidently proportional to 
the projection On of OB on OC, and if the length OB is made 



equal to HA — <l> the flux at any instant will actually be 
given by On* 

If the coil consists of n turns the e.m.f. and flux linkages .are 
n times as great, and OE wo<\> x 10 -8 and OB — w<P. 

The graph of the e.m.f. on a time base is shown in Fig. 71, 
curve I. There is also shown in curve II the flux linked with 
the coil. The \ahies of o)i 'are marked on the base line. The 
curvea.are drawn for 1J -1 evolutions. 

These curves should be compared^ with tliosc on p. 54. It 
is seen that they are of the same'shape'as those assumed for 
the p fc d. from the a.c. source, and that the e’.m.f. and flux 
curves, occupy the same relative positions on the time base 
as the current and charge or p.d. curves for a condenser. This 
is a natural consequence of the facto that the e.m.f. is given 
by the rate of change} of the flux, and the current is given by 

i 

*'On, = OB sin o)t — r sin cui 

«j l — 2On X IH — 2 rill sin at — <1? sin a)t 
t — O x 10 -8 — cu4> cos a)t x 10"^“ 
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the rate o£ change of the charge. Using the dot symbol »to 

indicate rate of change this is expressed lA r the equations 

* ' 

.e — «A> < J() ! ’ 

- q - - v)Oo 

■ • • 

If the terminals of the tail of many turns n are til ken to 
copper rings mounted oil tli® axis, a circuit external to the 
coil may be supplied, from carbon brushes resting on the rings, 
with alternating current. This rotating coil is, in a very 
elementary maimer, a description of the principle of the source 
of electricity known as an alternating current generator , or 
simply, an alternator. In the actual machine the coils arc 
wound on a fixed frame and the field, provided by electro¬ 
magnets, rotates. Iron is used everywhere to increase the flux 
density, and only a narrow’ air-gap is left between the rotating 
field system and the coil windings. 

The elementary principle of the d.c. generator or dynamo is 
the same, but instead of the slip rings a commutator is provided. 
This is an arrangement which, in the. simple coil uniter con¬ 
sul erhition, simply reverses the terminals of the coil with regard 
to the external circuit each time the e.m.f. in the coil is 
reversed, lit this way the current is caused always to flow in 
the same direction. In the actual dynamo the coil system 
rotates and the field system isf stationary, and yiere # are many 
coils whosfl combined effect is to give an almost constant e.m.f. 

4. Inductance. Not only are induct'd electromotive forces 
of great importance; in sources of electricity, but they are of 
great importance also in all circuits in whiejj ^he currents are 
changing, as, for instance, v'heii|Currynts are started or stopped 
in d.c. circuits, and, of course, in a.c. circuits. AH currents have « 
magnetic flux associated* with them and Vlion the* current 
changes the flux changes also, and when the flux changes 
e.m.f.are set yp in the conductors which the fli^x tlheads, 
not only in neighbouring conductors but also in the conductors 
which themselves carry the cuiycnt. The effects of these, 
induced e.m.f.’s are very much greater in some circuits than 
in others^ but they must be considered iff all. " 

• (a) Mutual Inductan^ rc. Suppose there m are two coils, 

1 and 2, which tire close to each other.* For convenience 
.Coil No. I may t>e called the primary coil and Coil N.o. 2 the 



126 FOUNDATIONS OF TECHNICAL ELECTRICITY 

f 

secondary coil. Let a current I flow in the primary coil. 
Magnetic flux is produced and some of this flux is linked with 
the r seconoary coil. As the current rises from zero to its value 
/, the flux spreads out from the primary conductors «Mid some 
of it buts some of the N 2 turns of the secondary coil, and in 
consequence an c.m.f. is induced in the secondary coil. Simi¬ 
larly if a current / 2 is started in rue secondary coil, flux will 
spread out from the secondary coil and some of it will cut 
some of the turns of the primary coil and induce in it an e.m.f. 
Thus any change of eurre r nt in one coil is accompanied by a 
change of flux linkages through the other coil and hence an 
induced c.m.f. in the other coil. The phenomenon is known 
as mutual induction. 

Lot A 21 be the flux linkages through the secondary coil 
caused by a current of one ampere in the primary coil. If all 
the flux of the primary passed through all the turns N 2 of 
the secondary, A 21 would be equal to O x N 2 , but this can never 
quite occur. A 21 is therefore the sum of the products <t>N taken 
throughout the coil a few turns or even one turn at a time. 
For a primary current f L amperes the flux linkages with the 
secondary will be A 2l I x and the e.m.f. produced will be the 
rate of change of these linkages multiplied by 1() -8 , whether 
caused by relative motion of the coils (which changes A 2 A 
or by a chango of the current. 

In an exactly similar mannei' let A 12 be the flux linkages 
with the primary coil caused by a current of one ampere in 
the secondary coil. If the secondary current is I 2 , the total 
linkages are A 12 I 2 , and the e.m.f. produced in the primary is 
the rate of chaqgq of A X2 I 2 multiplied by 10~ 8 . 

Now it can be shown Ijhat ^ 12 is equal to A 2V It has been 
seen in the energy equation on p. 119 that, in the case of a 
single conductor, the work done, hi mpving the conductor 
through a magnetic field is III lx x 10~ 8 which ps 0/ X 10 -8 . 
If there vjere N conductors the work would be 0/N k 10~ 8 
and this, by considering each small length or the conductors 
,of a coil, can be extended tq a general proposition: the work 
required in joules to change the flux linkages through a circuit 
by an amount A is equal to the product of the current I in 
amperes through the circuit, the linkages A and 10 -8 . 

Suppose now tfie primary coil is moved right away from 
the secondary coil, and that the currents I x and / 2 hi the coils 
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are maintained* constant throughout. The linkages through 
the primary coil have been changed from§/ 2 /l 12 to zero, and 
»the work done is,*by the above proposition, 1 X I 2 A^ 2 X 10“ 8 * 
Now suppose the secondary coil is brought up to the primary 
coil so that it again occupies the same relative position.* The 
Jfcikages with the secondary due to the yyimary current have 
been increased from zero to l\A 21 , and the work done in moving 
the secondary is I 2 I X A 21 X 10~ 8 . Clearly since the two move¬ 
ments are relatively equal, the work done in each must also 
be equal. Thus t 

# I x I t A i 2 * 10- 8 = I 2 l 1 A 2X x 10- 8 

and A - X 2 — A 2X —— A. } say. 

If then the coils remain stationary A is a constant and the 

e.m.f.’s are caused in one circuit by a change of current in the 

• " • 

other. In fact, e x — (Ax 10~ 8 )i 2 and e 2 — (A X 10 ~ 8 )q where 
the dot as before indicates fate of change. The quantity 
A X 10 -8 is called the mutual inductance of the two coils (or 
the coefficient of mutual induction). It is always indicated by 
M and is measured in henries. It is a constant for any Relative 
position of two circuits provided that the flux is wholly in* 
non-raagnetie materials. But if iron is present the value of M 
is no longer f* constant, for, as has been seen in the last chaptor, 
the flux produced by a given current is no longer proportional 
to the current. • 

The mutual inductance M in henries between two circuits 
can bo defined as dbove as 10~ 8 times the linkages in one 
circuit produced by a current of one ampere in the other. It 

can also be defined, since . • 

• « 

• • 

e 1 = Mi 2 and e 2 =** Mi x 

as the induced p.m.f. in*vplts produced in one circyit by a 
current changing at*the rate of one ampere per sec. in the 
other.* „ • 

The direction # of the induced e.m.f. is always suck as to try 
to undo the change of flux wKich produces it. Thus when the 
linkage is increasing, the'e.m.f. is m th^ direction which would" 
send a current to dfive a flux in the opposite "direction and 
.keep th3 total flux steady. And when the linked flux is 
decreasing the induced e.m.f. endeavours to keep the flux at 
its original valutf by supplying the loss. 
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,When the current in the primary is alternating, the e.m.f. 
in the secondary isnalso alternating and is equal to M x rate 
of Changt^of primary current in amperes pcs see. 

It has been seen that if a eurront--is a simple sine wave 
alternating current then its rate of change is also a simple 
sine jvave a.c. but ft quarter of a cycle earlier in phase, an/i 
with {in amplitude*, w times the Amplitude of the sine wave 
current, oj — "Inf and / = frequency — number of cycles per 
sec. 

The primary current 'and secondary e.m.f. curves have 
the same shape and relative position^ as the llux and e.m.f. 
curves of Fig. 71 and the quantity and current curves 

of Fig. 40, p. 54. The vector diagram 
is drawn in Fig. 72, 01 x — I ± — the maxi¬ 
mum value of the primary current, and 
OE 2 — E 2 — o)MJ 1} drawn at right-angles 
to 01 leading, is the maximum value of 
the induced secondary e.m.f. Of y and OE % 
are rotated together at an angular velocity co, 
and their projections on the vertical through 
O give tins current and induced e.m.f. curves 
in the manner of Fig. 39, p. 54.* 

Precisely similar considerations apply when "there is an 
alternating current in the secondary coil and an induced e.m.f. 
in the primary. By taking account of the values of to and M 
the value of tfic factor roM can be made to have a wide-range 
of values, and thus the a.c. volts in the Secondary circuit can 
be adjusted to suit particular needs. This is the principle of 
the transformer. The secondary circuit is not connected elec¬ 
trically to the primary, and the a.c. voltage in it may be 
arranged independently from the primary a.c. volts. 

(/>) Self Inductance. Considering npw q single coil it is 
easily seen that any turn of it is coupled magnetically by flux 
lines with r the rest of the turns. An. e.m.f. must be induced 
in each turn if this flux linking the turns is varied. The flux 
changes when the current in the coil varies, and the induced 
e.m.f. therefore depends on the rate‘of change of the current 


Fig. 72. Vkctor 
Diagram 


* If i\ — J, sin cot 
diy 


e a — M — = (oMlj cos cot*. 

(I/V 
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in tlie coil. Ju^t as in the case of two separate coils there, 
here a coefficient—the self inductance of* the coil—which is 
generally represented by the letter L. When the Current* is 
varying the induced e.m.f., e, is given by the equation 

•e in volts — L X rate of change 1 of current in amperes per see. 

• • • 

By Lenz’s law if the current is increasing the e.m.f. i.^in the 
direction to oppose the change, that is, it is backwards; and 
if the current is decreasing, the e.m.f. tries to boost the current, 
that is, it is forward. The eoellicieift L, the 
self inductance , depends on the number of 
turns of wire in the coil and its size and 
shape, so that a certain coil has a certain 
self inductance. The unit of self induc¬ 
tance, usually abbreviated to inductance, is 0 \ . > I 

the henry . A coil of L henries has an e.m.f. 
of L volts induced in it when the current in 
the coil is changing at the rate of one ampere 
per sec. Alternatively, as in the case of E | 

mutual inductance, the inductance of a ., 

•, . ., #-i t , • 11V S , , J'iu. \ Kerim 

circuit is the flux linkages X lu~ H produced Diagram 

by a current of one ampere. The e.m.f. 

hinders or lfelps the current according as if is increasing or 

decreasing. 

The induced e.m.f. is a hafek e.m.f., and tins is expressed 
by writing* a minus sign in front of L in the above expression, 
which becomes 

a - - Li 


This has the effect, when i is an alternating*current of sine 
curve form, of causing the vector OE representing the itiduecd 
e.m.f. to bo dra\yn vertically downwards frcaii OI representing 
the current (i^jg. 73)/ i.o. at right-angles lagging on the current 
and therefore diametrically opposite to the applied wltage 
() V. OE is the maximum back e.m.f. and is equal* to to LI as 
before. If the coil has no resistance, the source supplying the 
current has only to overcome this Jiack e.m.f. The p.d.' 
required from the source is consequently represented in the 
.diagram *by 0 V ; equal to OE and drawn in *tlie opposite 
direction, i.e. vertically upwards from 01 “or* at right-angles 
leading the current. 



130 


FOUNDATIONS OF TECHNICAL ELECTRICITY 

t 

t ‘The mutual inductance M between two coils,depends on 
the shape and size* of each coil, and the number of turns in 
oateh, anA; in addition, on how they arc placed with respect 
to one another. J3y changing the relative position of the two 
coils'the mutual inductance can be varied from a maximum 
dowp to zero, when, the flux due to the current in one coU as 
not lirked with the other coil at'nil, or rather when it causes 
as many linkages through the .second coil in one direction as 
in the other. Turning the second coil further causes the flux 
in the reverse direction to increase, so that it is easily seen 

that the mutual inductance between two 
coils can be positive or negativb or zero. 
The self inductance of a coil, however, is 
always positive, for the current in a coil 
always causes magnetic flux to be linked 
with it and any change of current, chang¬ 
ing this flux, will produce an e.in.f. to 
oppose the change. The self-inductance of 
a coil can be made very small, if desired, 
by arranging the winding properly, though 
it cannot be made to vanish. A Simple 
method of doing this is to double the 
wire on itself and wind the doubled wire on a ‘bobbin or on 
any former as shown in Fig. 74. This is known as a bifilar 
winding. Any current in the wire will then pass in opposite 
directions along two windings of the same length and number 
of turns lying close together. The magnetic fluxes due to the 
two windings practically cancel out everywhere except in the 
narrow gap between then), and as this is very narrow the 
total flux passing through it i,s very small. The coils in boxes 
of stahdard resistances are generally wound in this way in 
order that they shall act as simple, resistances and not produce 
e.m.f.’s in the circuit to which they are connected. 

Inductances can be calculated as .they depend only on the 
form of the circuit, but usually the mathematical difficulties 
are very great. In the case of a toroid, however, the calculation 
is quite simple, on the assumption that thore is no leakage, 
i.e. that all the flux links all the turns. 

The flux for a current I amperes is given by (p. 85) 

47t t , t a 



Flo. 74. I3ifit.au 
Winding 
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and the linages per ampere A are accordingly given by 
multiplying this by N and dividing by /. Thus 

4tt 


and 


A 

L S A ' 2 7 x1 °-“ 


= 4 t tN 2 j X 1()- 9 

l • 


henries 


rvwsAAAAA-^imnrin^ 

R L 


If there i$ an iron core,^fchc flux and therefore the induetcance is 
// times as great. 

The mutual inductance, between 
the toroid and the secondary coil of 
Fig. 53 can also easily be found. Let 
the subscript 1 refer to the , toroid 
and 2 refer to the secondary. If a 2 
is the area of the secondary coil .and 
A T 2 the number of its turns, and if B 
is thy flux density due, to a current 
of one ampere in the toroid, the link¬ 
ages with the secondary are evidently 
jB<7oA t 2 . 

47T N | 

k *• 


2 

E 

■ 

- 

1 

7 


Fie. 7 ."> * 

(lllOWTII OF CURRENT 
IN INDUCTIVE Cuter IT 


But 


B — - f 

aj 


10 / 


and henefi M — 47rA T 1 A T 2 y X 10~ 9 henries 

5 . Inductance in D.C. Circuits, (a) GrowiIt and Decay of 
Current. The effect of inductance in a circuit yhen a steady^ 
voltage is switched on is»tq delay the growth of the.current 
to the steady ;gnal value given by Ohm’s law 

• E = IR 


Until the current has become steady there is the induced c.m.f. 
to be reckoned with as w&ll as the e.m.f,, E, due to the source. 
A circuit ^containing a source of constant o.m.ft, volts, total 
resistance R ohms, and sfclf inductance L henries, is repre¬ 
sented in Fig. 75* The e.m.f.’s in the circtfit arc the applied 
.volts E and the induced e.m.f — Lx (rate of growth of 
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quito ut). As this induced e.m.f. is against the growth of the 
current and E is in the direction of increasing current, the 
equation for the current is u 

E - ]j[ .= lit' 


The final steady value T 0 of the current is E/H when / -=<). 
Untlil this occurs, ^ 





This gives 


or 





/) 




Tlie rate of growth of the current is Ilf L times the amount 
the current is short of its final'value. 

The greater R/L is, the shorter is the time required to reach a 
steady current. The reciprocal of this quantity, LfII, is pro- , 
portional to the time interval irom closing the switch 
until the current has become effectively steady. Jjfll is there¬ 
fore called the time constant . The steady value of the current 
is very nearly attained after five times the tinfe constant in 

1 V 

seconds. For example, if L - 0*23 henry and 11 — 50 ohms. 
L/R 0*23/50 — 0*0046 sec. fjnd it will require 5 x 0*0046 
-- 0*023 sec. ior the current to become approximately steady. 
If the switch in the circuit of the figure 1 is moved oyer to the 
contact 2 in such a way that this, contact is made before the 
other is broken, a circuit ^vili be obtained in which a current 
is flowing, but there is no external source to supply the energy 
spent‘in the*resistunco. The current, however, does not die 
dovvji eA once but only gradually,; lor a«s the. current dies out 
there is an e.m.f. induced in the circuit, owing t<\its inductance, 
which terjds to keep the current going. The equation when 
E — 0 is 

- LI = HI 



Tiie rate of dec! ease (minus sign) of the current is RfL times 
the value of the current. In about five times'the time constant 
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L/R the current'reaches its steady value zero. Inductance ip 
a circuit thus prevents the current from clRinging instantane¬ 
ously to the value^corresponding to tlio new conditions when 
the circuit conditions are suddenly changed. If instead of 
making contact 2 the switch in the circuit just conririorod 
merely broke contact, the current woulc^ not cease to flow 
immediately the. two parts /if the switch separated. Tjje gap 
inserts a very high resistance,in the circuit and the current 

falls rapidly, that is, — / is large. Hut the induced e.m.f. in 

the inductance is — LI and is therefore large also, and it will 
give rise Jo a suflicient'p.d. across the high resistance of the 
gap to drive the current across and sparking occurs. Sparking 
at the contacts of a switch, if serious, and repeated many times, 
causes rapid deterioration of the points, and finally a defective 
contact, or none at all. Various devices are used to prevent 
or reduce the sparking at relay contacts. One of the simplest 
is to connect a high resistance U s across the contact points. 
The resistance across the gap can never be higher than this 
value, and the opening of the switch reduces the time constant 
of thp circuit from L/li to LJ(lt -| H s ) seconds, so that the 0 
current falls rapidly to a low value. This resistance H s must 
be so high that the final steady current is sufficiently small to 
be negligible in the circuit, or if this is not practicable, the 
break must be made in two steps. Jn the first step the resis¬ 
tance Jl s is switched into the efremit. This reduces tlip current 
rapidly to *a low value. The second step of the switch then 
breaks the circuit. Tlie sparking caused by breaking the small 
current causes a negligibleMmrning of the contacts. A con¬ 
denser across the contacts is sometimes used, with or without 
a resistance in series with it, to reduce the sparking at break. 
There is no trouble at the “make” as the curreftt starts fron^ 
zero and only <*row£ gradually after the contact h*is been 
established. * 

(b) Energy in Magnetic Fields. H.ow is it tli#t there is 
energy in the circuit to keep the current going after the 'supply 
of energy from the sourep has been cut off? Energy must be . 
stored somewhere for there is heating in the spark at the 
break, often very gretit heating, and there is heating in all the 
Resistances of the circuit. *The answer is that jbhere is energy 
stored in the magnetic field of a current and this stored energy 
increases as the current increases. This delays any increase 
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qf current, as the source has to supply this energy as well as 
the energjr used inchoating the resistance. If a balance sheet 
of energy for the electric circuit having irductance is drawn* 
up, the amount of energy stored can easily be foand. The 
input of energy per second from the source is El watts. The 

LI 


cJK' 


Lin 


0 A B J 0 Current I 

Fig. 76. Energy Stored iv Indgctance 

expenditure of energy por second in the circuit is I 2 Ii watts. 
The difference must be the amount stored per second. 

The behaviour of the circuit is given by the equation 

E— Li = nr 

Multiplying each side by the current I, 

Ei- Lii - up 

so that the difference between the energy put in and wasted 

in heat per second is LII. 

Or, in words, i 

Energy stored per second — LI times increase of 
current per second 

Consequently the energy stored in any short interval of time 
is LI times the increase off current in that time. The interval 
taken must be so short that the current can be assumed as 
iiaving the average value for the interval. Draw a graph of 
LI on a base of the current I (Fig. 76). A straight line OP is 
obtained. At some instant the current has the" value I — OA 
and AO — LI. When the current has increased to OB and the 
value of II to BD the energy stored is increased by the mean 
value of LI x AB, that is, the energy stored during this time 
is equal to the area of the shaded strip. Consequently the 
energy stored when the current i / 0 is the area of the triangle 
OPQ on the base OQ where OQ = I 0 . The a^ea of OPQ is equal 
to l base X height, that is, WQ x QP = \L1 XI or \LP joules. 
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When it is desired to interrupt the current in a circuit, tips 
energy has to be got rid of in some way. \yiien the current or 
»the inductance is mreat, special arrangements must* be mtyde 
to deal with it. very high voltages may be caused in power 
circuits at the breaking of heavy currents. The design of 
djj’cuit-brcakcrs, for this reason, is a subject which requires a 
great deal of study. ^ * ... * 

The energy stored in the magnetic field can also be expressed 
in terms of the flux density in the field. For instance, in the 
toroid • 


giving 


B =•= 

/-■= 


4-7T IN 
10 ~l 

mm 

47r N 


and it has been shown above that 


L 477-A r2 a .- 10- 


Thus the energy stored in the fieh 
• =\LF 

• ~(t 10 7 joules 

St t J 

But al — the volum of the fiejjl, and 10 7 ergs joule. 
Hence, # 

Jj 3 

• Energy stored per cm. —ergs 

07T 


From this the pull of a magnet can "be found at once. Let 
the iron surfaces between which the pull is to be found have 
an .area a, and let them be separated by mean* of a force J&* 
a distance x cm. •Tlu; work done is Fx dynes* and this tnust be 
equal Jo the fenergy stored in the air-gap created, which is 
(/l 2 /87r) X volume — (B 2 fHjr) ax. » m * 

W . 

Fx = --ax 

• »7 T 


and 



dynes 


<p 

a result already obtained by another method on p. 108. 

IO— (T.49) . • . * 
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Jc) Energy Wasted in Hysteresis. In the table on p. 98 
there is a column headed “Hysteresis (ergs per cycle).” This 
givps the'amount of energy spent in taking one cubic centi¬ 
metre of the metal through a complete cycle of magnetization 
reaching practical saturation in each direction. The figures 
are only representative of the amounts of energy required foi 
each'type of material and are nonexact, as so much depends 
on the preparation of the sample. When a specimen of mag¬ 
netic material is taken through a cycle of magnetization and 
the results are plotted in a graph showing B on a base of H, 
the area of the loop is equal to 4 rr X (energy which has been 
spent in the iron in the cycle). This energy appears as heat 
in the metal and is the hysteresis loss in the cycle. That this 
area is the wastage of energy can be shown simply if the case 
considered is that of a ring of the iron wound uniformly with 
N turns of wire as a toroidal magnetizing coil. Let the mean 
length round the toroid be l cm., the current in the winding / 
amperes, the area of section of the toroid a cm. 2 , and the flux 
density B lines per cm. 2 The flux in the core is Ba lines, and 
this flux is linked with N turns of the winding. Suppose, 

• owing to a small change of current in the winding, tin. flux 
density increases to (B |- b) in a time t sec. Tho linkages 
with the winding have changed from NBa to N(B- f- b)a in 
this time. This gives rise to an e.m.f. opposing the change, 
i.e. the increase of current, cqu^l to 


N(B f b)a- NBa 
t 


X 10~ 8 — ----- x 10~ 8 volts 

V 


That is, the source of cdrreKt has to expend 

J t Nabf 10- 8 . _ 

* l » r --joules per sec. 

to maintain the current against this e.m.f. in acldition to the 
expenditure of energy due to the resistance of the circuit. In 
t sec. therefore the energy spent is Nab 1 10 -8 joules or 
' NabI/10 ergs. 

The magnetizing flux density is ^nNI/lOl lines per cm. 2 
= II, so the energy spent is (/7/4w) f al.b ergs. v 

Now al — volume of metal, b = increase <ui flux. 

Hence the energy spent per cm. 3 is Hb/^ir ergs. 
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Hb is the area of the strip shaded in Fig. 77. The tdtal 
energy used to roach the point .4 on tho cycle from Hie point F 
is the area of all »uch strips, that is, the area FA MO, divided 
by 4 tt. * * - 

# After the point .4 on the magnetizing curve is reached and 
the field H is reduced the value of B fellows the curve* d DC 
to D. During this change some of the energy is retiAned to 
the circuit by the agency of*induced e.m.f.’s. This returned 
energy is given by the area A Ml)/An. With the reversed field de 
magnetizing the specimen, energy ' ^ 

given by the area ODFjATT is spent | 

hi reducing tho magnetization to I M 

zero. Thus in traversing the curve 
FA1)C , energy is absorbed from ^ / 

the source equal to 1 /Itt times the f 

areas OF AM and ODC, and energy ~H j c /7 

is returned to tin? source of amount ^-O— f — 

1/47T times the area A MI), and the 
net energy taken from the source 

is 1(4* times tho area OFAIX'O. Fm . 77 , Kni51 „, v JN 
Exactly similar considerations IIystkiussis 

apply to tho other part of the 

cycle below* tho axis of 7/. Hence the energy in ergs spent 
in a cycle is the area inside the loop divided by 4 tt. This 
applies to all hysteresis loops. The area may bp roughly 
assessed as that of a parallelogram whose height is twice 
the maximum B And breadth twice OC. In order there¬ 
fore to save this energy l»ss at every cycle, the material of 
cores which are subject to alternating magnetization must 


'. Knuhoy Host in 

IIystkiussis 


be made of material with low coerciye force OC. Tho material 
is judged for quality by the energy loss per mpole for*a givjj^ 
value of B. With 50 cyVlas a.c. the loss per sec. per cm. 3 is 
50 times theiloss per cycle. That is, the power wasted per 
unit volume of the iron* is proportional to the frequency at a 
given maximum value for B. % Whim the amplitude of the flux 
is varied, the loss per cycle increases rather faster than in, 
proportion to the increase in B maximum. 

6. Incjpctance in* A.C. Circuits. Inductances in circuits 
• carrying alternating eurfent produce effect^ Adiich depend 
upon the values df the inductances and the frequency. A*s well 
, as the c.tn.f. of the source, there are tho back e.m.f.is qf the 
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indfictances, whether self or mutual. If e is the e.pi.f. of the 
source at any instant, H the total resistance of the circuit, and 

l b the totaFback c.m.f. at that instant, then* 

-.1 * 

• • e— e h — Hi 

by Ohm^s law. It has been seen that — Li and the expression 
can therefore be written 


< 



In this form the effect of the inductance is taken into 
account by looking upon it as causing an addition Lift to the 
resistance of the circuit. While the quantity Li/i does not 
depend upon the current strength in practical cases, it does 
depend upon the instant considered, and this arrangement of 
the equation is of no advantage in determining instantaneous 
values of the current throughout the cycle. Bui if, as is usually 
the case, only maximum or root mean square values are of 
interest; it is possible to combine the effects of the back 
e.m.f.’s with those of the resistance in a single quantity Z 
known as the impedance, and to write # 


K - ZI 


• \ 

(a) Inductance Alone. Consider first an ideal coil having 
an inductance L henries and no resistance. ‘Let it Ik; connected 
to an a.c. source of p.d. I 7 volts, and frequency/ — 

The vector diagram has already been drawn in Fig. 73. 
OV represents the p.d. of the source and 0/ the current. 

' V = v,u or r- - - v . 

u>L , , 


toL is known as the reactance of the coil. In this case it is also 
the impcdanct of the coil, as it‘ is the quotient of the p.d. 
clivided by the current. As* in the case of reactance in the 
condenser circuit (p. 58), the reactance, of the inductance 
involves no expenditure of energy. • While the field As being . 
built lip energy' is* taken from the source,«but as the field 
collapses energy is given back. This .arises qttitc clearly from 
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the p.d. an^ current curves, which are drawn in Fig. 78 in 
the usual manner from Fig. 73. The power at anv instant 
• taken from the source is the product vi and this is plottcd*as 
the dotted curve. JbVom O to A the current and with it the 
field is increasing, and power is taken from the soured. * The 
total energy taken is the area of the p ejurve OP 1 T v J£rom 
A to 7 t 2 the current and ^ith it the field is decreasing, and 
power is given back to the source, as is shown by the curve 



7\/' 2 7’o being negative. The total energy given back is the 
area ctf the*curve r !\P.{l\ wliich is obviously eqflal tc? the area 


01\T V The energy given back is equal to the energy taken, 
and on tlfe whole no power js taken from the source. 


From the point of view of the vector diagram the state of 
affairs arises because the vectors representing the current and 
the p.d. are at right angles. Whenever this occurs, the*power 
supplied to the circuit from Jdio source is nil* , ^ 

The reactance of Jin inductance should bo compared with 


that of a capacitance (p*5S), and two important differences 
should be noted— * 


(i) The reactance of an inductance (coL) is directly propor¬ 
tional to the frequency, Whereas the reactance of a capacitance 
(1 /coC) is inversely proportional to the frequency. 

. (ii) In *the case of an inductance the current curve lags 
behind the p.d. ourve by a quarter cycle?, i'e. the current 
vector is a right-ftngle behind the p.d. vector. In the case of 
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a,.•capacitance, the current curve is in front of thp p.d. curve 
by a quarter eyelet i.e. the current vector is a right-angle in 
front of t'ne p.d. vector. This difference arises bceauso in the ' 
inductance case the p.d. is proportional 'to the rate bf change 

of current {v oc i), but in the capacitance case the current i*s 

proportional to the vate of change of p.d. {ice v). 

\ V 


f*- - - V 

R L 

- | WWW—— 

i *—‘i 

fa.) 



Fio. 70. .Resistance <\nd Inductance in Series 


These differences can be expressed in the vector diagrams 


by writing 


V = jujLI 



in the two cases as an algebraic statement of the vector 
diagram, j indicating a rotation of 90° forwards (counter 
clockwise) and — j a rotation of 90° backwards (clockwise), 
and V and I being either maximum or root mean square values 
at will. 

The statement then that the reactance of an inductance is 
jcjL and that e of a capacitance is — j/coG , is complete; it 
includes both J.he points (i) and (ii). 

'* (6) Ii^ductancf and Resistance «in Serif^s. In the case of 
nductance and resistance in series, Fig}.. 79 (q), where the 
resistance R includes that of the coil pf inductance L, the p.d. 
V of the sdurce may be divided into two parts': one, V 1} across 
the resistance, and the other, V 2 , across the inductance. If 
* the current is I, V x == RI, and V 2 '— a>LI, and the vector 
diagram is drawn as in Fig. 79 (6). The, current vector 01 is 
drawn horizontally for convenience OV 1 = RI is tte vector, 
of the p.d. across the resistance; it is along the current vector. 
OV 2 — <oLI is the vector of the p.d. across the inductance; 
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it is at right-afigles to 01 leading. The combined p.d. vector 
is 0 V, the geometrical sum of 0 and 0 1 Clearly 

OV 2 = OV 2 + O Fo 2 
i.e. = R 2 I 2 + co 2 L 2 I 2 

V - V(K 2 + oj 2 JJ)1 = ZI 

where Z — \J(R 2 + <o 2 Lr)j j 

Z is called the impedance v$ the circuit. If Z is known, and 
also </> tl\e phase angle between 0 V and 01, the current at any 



Fit:. 80. Resistance and Inductance in Parallel 


instant can be found from a given source by drawing the 
vector diagram and using the construction of Fig. 39. * 

Exactly as in the case of a capacitance, the power in the 
circuit is gryen by £ VI cos <f> if V and 1 are maximum values, 
or by VI cos <f> if V and I arc root mean square values. 

Since the power required by the inductance is nil, and that 
required l^y the resistance is HP (I r.m.s.),*thcn* the total 
power is HI X I, which is (projection of OV on 01) x 01, 
which is*F cos (f> x I, i.e. VI cos <f>. Cos </> is the power factor. 

(c) Inductance and Resistance in Parallel. If a p.d. 
V is established across a resistance *R and* ati inductance L 
in parallel (Fig. 80 (ci)), the current* l x through the resistance 
is V/R in phase with tlie.p.d., and tho current ? 2 in the indued 
tance is V/cdL lagging 90° behind tin; p.d. The vector diagram 
is according!^ as dr&wn in Fig. 80 (/>), where O V — V is # drawn 
horizontally foi* convenience, and 01 x = I v amt OI 2 = 1 2 - 
The total current is given by 01, and from the diagram, 



+ 


V 2 . 

oj 2 L 2 - 
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These methods are readily extended to any circuit, however 
complicated. , 

(d>) Inductance, Capacitance, and Resistance in Series. 
In this case, Fig. 81 (a), the current / isrthe same in each, 
and the «p.d. across the whole circuit is made up of three parts, 
V x across the inductance, V 2 across the capacitance, and F s ‘ 
across t^ie resistance. y 

V L = oil A , V 2 = 1/0)0, and V 3 - Ml 


and the vectors must be diawn as in Fig. 81 (6). The current 
vector 01 is taken horizontal for convenience, 0V 3 ~ MI is 

t 



/ *■ $ * 

r— V } -4— V 2 *+* V 3 —H 
U-1/-J 

(a) 



* Fro. 81. 


Resistance, 


1N D LTCTA )Y< '10 AM) (’AI’ACITAN(’I0 IN SeIU-RS 


drawn along 01, 0 V, — to LI is drawn leading- 01 by 90° 
and OV 2 — l/o)C is drawn lagging behind 01 by 90°. OV lf 
OV 2 , and OV 3 are added geometrically and give the supply 

p.d. OV. 1 

OV 12 - - OV, -- 0 r, - ( w/./-,- ) / 

(o(j 

and OV' 1 - 0V\ | OV 2 j2 - 


i.c. 


r -J[r> i (.i-A)] 


2“1 ‘ 

I 9 


The power is simply Ml 2 (/ r.m,s.) as before. 

The reactance of the circuit is the difference of the reactances 
of the inductance and the capacitance. A most interesting case 
occurs when tliese reactances are equal, for then the combined 
reactance is zero, and V — RI as in a non-reactive circuit. 
This is known as the case of resonance. ThS, energy required 
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to establish Ijhe ihagnotic field of the inductance is taken frog) 
the electric field of the capacitance and vice verm ; the sourco 
•is not ealleij upon a $ t all except for the power required to lic^it 
the resistance. In ttyaway V 1 and \\ may be very large 
voltages, very much greater than the supply voltage F.#ifcthe 
r^etances are much greater than the resistance. 



Fia. H2., Capacitance in J’auaixki, with Kksistanck 

AND INDUCTANCE 


It should be noted that this resonance eonditioji occurs when 
o)L = i.e. when a — 1 fy/(LC) or when the frequency is 

/_• J 
1 2 7T V W) • 


This series resonance is of great‘importance in wjreless 


circuits. , * 

(p) INDUCTANCE AND RESISTANCE IN PARALLEL WITH 
Capacitance. 1 Let, Pig. 82 (a), the current in the inductive 
branch consisting*of R and L, be / 1? and th.at in the capacitance 
be / 2 . ’The total current from*the supply V is 7. The vector 
diagrams for I x and I 2 can be drawn as above; the combined 
diagram is drawn in Fig. 82 (6). * t , , 

01 1 = Y/yiR 2, + lo z L 2 ) M is drawn horizontally.. Along 01 x 
Oa is marked — RJ %1 , and aV = coLI 1 is drawn vertically..OF 
is the supply voltage. 0/ 2 = coCV is drawn at right-angles to 
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QV leading. I, the geometric sum of OI 1 afid 01 is found 
as 01 by drawing I X I equal and parallel to OI 2 . 

pi is ifc phase with OV when / falls on OV. Thisj is the case* 
of parallel or current resonance. To find the necessary condi- 
tion* produce I X I to meet OV in b. The resonance condition 
is that I x b = 1 2 = cqCV. The triangles OaV and ObI x nfo 
similar, therefore # . 

V 

bfy _ aV 
()l l “' O V , 

() J J 4 / 2 

bly = aV -- -J-.coLI, .ojLV ' 


Now bl x — ojC V for resonance and F 2 /7 1 2 — It 2 \- cd 2 L 2 


coC V 


o)L 

rT+oTI 



or 


G 


L 

R* + o>*L 2 




o 


If a capacitance of this value is shunted across any inductive 
apparatus such as a motor, the current and the voltage are 
brought into phase and the power factor is unity. Doing this 
is known as power factor correction. 

The rc 30 na 1 .ee condition may also be written in, the form 



# • ... 

If R is very small the condition is seen to be practically tho 
. same 'as for series resonance, i.e. f — l/2iry/(LC). It should 
be noted that the currents / x and I\ may in«this case bo very 
much greater than the total current /. Again/ energy surges 
backward^ and forwards between the magnetic and electric 
fields.' 

The impedance of the parallel circuit at resonance is very 
great if R. is very small. From the similar triangles OaV 
and ObI x * 1 

, Ob _0a 

'oi x ~~ov 
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RI 2 

~ V " 


R 



R 

li 2 


V 


aful the impedance Z is 


Z^ 


V 


R^-\- <» 2 IJ 


R 


~^-R 


/ <1 

ok is 

R~ 


which clearly becomes larger and larger as R is made smaller 
and smaller. In the ideal case of R = 0, the impedance is 
infinity; no current is taken from the source, but currents 
equal to coCV — V/coL flow in the parallel 
branches as energy surges backwards and 
forwards between them. 

The large impedance of a parallel circuit is 
of great importance in wireless circuits. 

(/) Circuits with Mutual as well as 
Self-inductance. In general mutual induc¬ 
tance can be dealt with in the same way as 
self-inductance, but care must bo taken that 
the induced o.m.f.’s arc reckoned in the correct 
direction. For instance, two coils wound on 
the samo core may be connected in series in 
two d^ffererjt ways, in one of which the e.m.f.’s 
due to mutual induction are in the same 
direction *as those due to self-induction, and 
in the other in the reverse direction. 

Let the coils AB and CD (Fig. 83) be wounll 
in the same direction. Then if B is connected to (^and a ourrent 
flows from A to D four linkages must be recognized, ajl in th(B " 
same direction^ Tluvf arc (i) linkages due to the self-inductance 

of the 6oil AB giving rise to an e.m.f. L x I t (ii) linkages witfi AB 
duo tq the current in CD giving rise to an e.m.f. Ml, (iil) link¬ 
ages with CD due to its # self-induction giving e.m.f. L 2 I , and 
(iv) linkages with CD due to current in*.4/f giyipg e.m.f. MI. 

The tota? e.m.f. is the sum of these, i.e. {L 1 -f-. 2M -f- L 2 )/, 
and (L 1 -f- 2 M -|- /> 2 ) is the effective induotailce of the* two 
coils. . * 



Fro. 83 

Inductanck 
and Mutuai. 
Inductancj? 
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„‘If, however, B is connected to D and the current flows from 
A to C, the flux through AB due to the current in DC will 
be mi the reverse direction to the flux through AB due to the 
current through AB. Thus the induced e.m.f. due to the 
mutilal f ' inductance must be subtracted from that due to 
the self-inductance. The induced e.m.f. in the coil AB is 
therefore (L x — M)I and similarly that in DC is (L 2 ~ M)I. 
The total e.m.f. in the two coils is (L x ■— 2 M + B 2 )f, and the 
effective inductance of the combination is — 2M -f- A). 

CLASS EXPERIMENTS 

ON THE SUHJECT OF CHAPTER, IV 

J. With tho apparatus of Fig. 53 carry out tho experiments (i), (ii), 
(iii), (iv) and (v) described on page 117. 

Plot the throw of tho galvanometer on a base of— 

(a) Number of turns in secondary; 

(b) Area of secondary ; 

(<:) (]ufront in primary. 

2. Wind solenoids on glass tubes of throe different diameters putting 
on each tho same number of turns per cm. and making tho solenoids 
longer than, say, twenty diameters. Wind over the middle part of each 
solenoid a secondary coil of 100 turns with tappings to terminals at 
tho 20th and 50th turns. This gives a choice of 20, 50, 50, 80 or 100 
turns in tho secondary cell. 

(i) Connect a secondary coil to a ballistic galvanometer and find tho 
throw when various currents are reversed in tho primary coil. Plot 
tho throw on a b/iso of primary current. 

(ii) Kind the throw on reversal of a constant primary current with 
various secondary coils connected to tho galvanometer. 

Plot tin* throw on a base of number of secondary turns. 

3. Calibrate a ballistic gal\anomoU r to measure magnetic fields. 
Since tho ballisti" galvanometer measures quantity and, in the circuit 
of Kig. 53, quantity is proportionul to change of linkages, a known 
field (that of tlk> toroid) and a coil of a known area and number of 
Ti'.rns archill that' is required to carry out the calibration. 

4. Calibrate the ballistic galvanometer, i.e. and the charge passed 
through it for a given throw by discharging a known condenser charged 
to a known,potential, ami thus find k in the equation Q — kd. Since 

I Efli and E - A X 10"* 

Q I = 4 10 “ 8 or Q ~ 4 X lO- 8 - kd 

K u A 

Calculate A from the calibration and (ho results obtainedhn Experi¬ 
ment 2, and deduce the mutual inductance botwoen the primary and 
secondary coils. Compare witli tho value of tli6 mutual inductance 
calculated from the dimensions of tho coils. 
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5. Use the calibrated ballistic galvanometer to measure— « 

(i) The flux linked with a bar magnet at different positions along 
its length. f • 

(li) The ebtfbge of flflx in an iron ring, wound uniformly with winf, 
when a measured curreiPt'through this winding is reversed. Use 
gradually increasing values of magnetizing current, and draw a^rkph 
of ljux density in the ring on a baso of in.in.f. per cm. length. Reverse 
the current at each stage several times before taldng the reading. * 

G. Measure an unknown inductance by comparing it with a 1 in own 
variable inductance. • 

Inductances can bo compared by connecting thorn in a circuit like 
Wheatstone’s bridge (see Fig. A). Tho arm% Ali ami BC are ratio arms 



Fro. A 

containing known resistances 7/, R 2 free from inductance. Tho two coils 
to be cornpured are /f :i L 3 m tile and /i*,/> 4 in tho arm 1)V. In 

place of >ho battery a source of a.c. is used anil instead of a galvanomott'r 
a telephone is connected ucross fil). li tho frequency of the alternating 
current is lutt iu tho audible range' an a.c. gulvanometor is used. If no 
current flows in the telephones, ft and I) must, always be at tho same 
potential, that is, tlio p.d. .1 li must always bo*equal Jo the p.d. A t). 

Since the bridge must balance with any frequency, and since the 
values of tho inductances do not depend ujSori iho fretjyem y, lUrnust 
also halaneo with d.c., from .which it follows (page :21) that one^ 
cond:t ion is * t * * 

Jf , _ Jf 3 

* I? ' if • 

With rfi.e. impodanees replace resistances, and it follows from tho 
sumo considerations that . 

Rt + rn*W) . 

# ' VW + (0*W) . 

which, since RJR 2 = RJR^ givfts 

* 

• * -^4 
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,4 The double condition arises because it is necossary ,to balance the 
phase angle as well us the magnitude of the p.d.’s at 13 and D. This is 
made clear in tho vector diagram of tho balanced bridge (Fig. 13)* 
Here AC is tho p.d. V of tho source. Tho vector of the current / 
through tho resistanco branch will lie along 'A [ C, ami that of the current 
1 2 threugh the inductance branch will lng behind AC and bo AI 2 say. 
Then Ad along AI 2 =- li z I 2 is the p.d. across tho resistance Ii 2 , dl\ — 
o)L 2 I 2 drawn at right-angles loading is the p.d. across tho inductance 



Fm. 13 


J/ 3 , Df - J ? 4 / 2 drawn parallel to AI 2 is tho p.d. across the resistanco 
and fC — ioL a I 2 drawn at right-angles to Df is tho p.d. across the 
inductance L x . , 

Tho p.d. AB across ll x — J?,/j and tho p.d. BC across R z — B t I x . 
Clearly for a balanced bridge B must lio on 1), and sinco B noo 3 ssarily 
lies in AC, D must also lie in AC. It follows that tho triangles AdD 
and DfC aro similar and that 

B\ If 3 f-3 

R 2 L'l 

i 

This is'not (r^,sy to arrango, if L a mul L A aro fixed. If one of thorn, 
say L a , is variable, then by adjusting L 3 and also I ? 3 turn about, it is 
easy to balunco tho bridge. lt a is adjustod by an extra adjustable 
resistance in series with the coil li 3 L , which consists of two coils in 
series with one movable so as to vary tho solf-inductanco of tho com¬ 
bination. Tho /ahio of tho self-inductance at each position of tho 
movable coil is road by a po : nter on a scale. The variable self-inductance 
_ can bo 0 calibrated by using a standard inductanco for /> 4 and sotting the 
latio *° different valuos and adjusting R 2 L 2 for balance, then 



Unknown inductances are then, easily moaaurod by the calibrated 
self-inductance. 

7. Measurement of inductance and phase angle by the three volt¬ 
meter method 

A coil possessing inductance has ak resistanco, and consequently 
there is no such thing as a pure self-inductanco. Whon an alternating 
current is passing through an inductive coil the automating p.d. between 
the'ends of the coil depends on the impodanco of the coil, anti the p.d. 
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aiul the current ar6 out of step by an anglo In Fig. C (a) AC = the 
p.d. on the cftil (— Zl) is the hypotenuse of a right-angle triangfe 
whose sides are Rl — Ali and to LI — HC. The* p.d. AB =g III is in 
"phase with tho current I. The p.d. AC — F a — Zl can be measured, 
but not Rl'ot (oLI separately. Now connect a resistance coil lt v Fig. 
C ( b ), free from inductance in scries with the coil RL and meusjirp the 



R R L 

—r-WVVW—r J WW l/ WH—i 



(b) 


(c) 


p.d. V 2 across it. V„ — R } 1. Alsd measure the p.d. V } across the two coils 
in series. These different p.d.’s are comwctod with png another by the 
values of R v R and wL as in "tho diagram. Tho readings on tho a.c. 
voltmeters. Fig. C (c.), give the lengths of tho linos DA^JC, and*d£\ so 
that this trianglo can bo dnprn. Draw' CB perpendicular to DA tr 
meet DA produced in By. Then *AB — Rl and CB — coLI; fhe angle 
CAB « <f>. * 

* _ AB , CB „ 

R ~ T>a x Rl ^ 'da x Rl 

9 

Hence R and ojL aro measured, and knowing to, L is found. The measure* 
• ment of the three p.d.’s may £>e made by connecting a single instrument 
in the throe positions in succession. • * • 

8 . MeasiHe the inductance e<id phase angle of a coil pf many tuyns 
with and without andiron core and with the iron /ur£uit more or loss 
complete. Do this at different frequencies, if possible, to find that the 
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reactance and therefore tho phase angle of the coil increases with 
ffoquoncy. 

9. Meaqyre tho inductances of two coils separately, L x arul L v 
Connect, them in series and measure the inductances of tho combination 
L, + L 2 + 2 M. Keverse tho connections of jono and moasuro again 
L x -f - 2M. Hence find M for various relative positions of the coils. 

Kepeat tho experiment with the coils on a common core of iron wirj 
or stampings. 


EXERCISES 

1. The p.d. at tho terminals of a d.c. source is 149-1 V. when the 
source is supplying a curront of 0-fl A. and 147 V. when the current is 
2 A. Find the o.m.f. and internal resistance of the source. 

(150 V., 1 •.’) £2.) 

2. The current through tho 7 000 turns of an iron cored coil produces 
a flux of 500 000 lines. When tho current is switched off tho flux 
collapses in one-tenth of a second. What is the average value of tho 
e.m.f. indueod ? 

(350 V.) 

3. An iron ring of mean diamo'or 30 cm. and cross-soctional area 
5 cm. 3 is wound uniformly with 500 turns through which is passed 
a current of 2 A. A secondary winding of 250 turns is connected to 
a ballistic galvanometer; the combined resistance of tho secondary 
winding and tho galvanometer is 18012. Whon the current is interrupted 
the gal\Ymomoter throw indicates a flow of 1 mC. Find tlio permeability 
of the iron. 

(343) 

4. A rectangular coil of 150 turns and lengths of sides 10 in. and 
5 in. is rotating at 150 r.p.m. in a uniform field of 200 lines per cm. 2 in 
a direction as right-angles to the axis of rotation* Find tho maximum 
value of the o.mf. produced. 

v 101 mV.) 

5. Tf the iron ring of Quostion 3 is roplaced by a wooden ring, find 
the inductance of the toroid, and the mutual inductance between the 
two windings. 

f , (525 //1L.; 2C.2//JL.) 

C. Ari irod-cored coil hus^iu inductance of 0-5 H. Find the energy 
that is stored iy tho magnetic field when a curront of 2 A. flow's in 
1 u« coil. j 

What current must flow- in order that 1 ft -lb. of energy may be 
stored ? 

(1-0 .T.; 2-25 A.) 

7. If tho lii.x of Quostion 2 is produced by a current of 5 A., what is 
tho inductarm of the coil on the assumption that all the flux threads 
all the turns ? 

(7H.) 

8. A hysteresis loop as drawn has an area of 0-5 sq. in. If tho scalos 
are. 1 in. = Id ampere-turns per cm. and 1 in. = 10 000 linos per 
cm. 2 , what is the energy consumed in taking the iron through one 
cycle ? 
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If 800 cm. 3 # of tfie iron form the core of a coil ami it is uniformly 
magnetized to the same maximum flux density as in the hysteresis 
• loop tost when tho coil is connected to a 50 ey<.-lo a.c. supply, what 
power will dtfe requiroM. on account of hysteresis? 9 

• (5 000 ergs; 20 W.) 

9. A current of 2 A. 50 cycles flows through a coil having ai^induc¬ 
tance of 0-25 H. and a rosiatanco of 30 £3. What is the p.d. across tho 
coil ? • • 


M ... <i«-p yo 

10. A resistance of 20 13. is civuicctcd in scries with the "coil of 
Question 9, and the circuit thus formed is connected to a 220 V., 50 
cycle supply’’. Find tho current through the circuit, tho p.d. across 
tho coil, and tho p.d. across tho resistance. Check the answer by 
drawing a vector diagram. 

1 (2-30 A.; 19S V., 57-2 V’.) 

11. Find the power absorbed in the coil of Question 9 and tho powor 
factor, if 2 A. is the r.in.s. value of the current. 

(120 W.; 0-357) 

12. A coil of inductance (H IT. and "resistance 15 13. is connected in 
series with a condenser across a. 220 V. 50 cycle supply. Wh.it must 
be the capacitance of the condense.* in order that tho resonance con¬ 
dition may he produced, and what, then will be the current in tho 
circuit and tho p.d. across the condenser? 

(99 //F.; 14-7 A.; -102 V.) 


ii—(T.49) 



. , CHAPTER V 

-CHEMICAL ACTION AND ELECTRIC CURRENTS 


* 


1. Primary Cells. In the first chapter it was shown that, when 
electricity flows through some liquids, changes occur at the 
places where the current enters and leaves the liquid. The 
current must be led into and out of the liquid by metal plates. 
These are called electrodes , which means “wavs for the elec- 
tricity.” The electrode by which the current enters the liquid 
is called the anode or the “way up stream,” and the other by 
which the current leaves b called the; cathode or the “way 
down stream.” Liquids which are decomposed by .a current 
are found to bo better conductors than any other substances 
except metals. They are generally solutions of an acid or a 
salt in water. Pure water is almost an insulator, but it becomes 
conducting when some salt is dissolved in it. The conductivity 
is nearly proportional to the amount of salt dissolved in a £jiven 
volume of solution. This shows that the current is carried 
by the dissolved substance. Another thing which confirms 
this is tht 1 important fact that the amount of the chemical 
action at the electrodes is exactly proportional to the quantity 
of electricity which lias been passed through the solution. 

A salt forming an electrolyte in solution is in general a 

compound of a metal and an acid radicle. When the current 

passes, it is found that the metal is deposited at the cathode 

and the acid radicle appears at the anode. The decomposition 

produced by the current is called electrolysis. If the electrolyte 

^copper sulphate and the two electrodes are platinum, copper 

is deposited as a coating on the cathode exactly in proportion 

to the amount of clcctricitv which leaves the solution there. 

• , 

Clearly this means that each atom of copper carries the same 
apiount of electricity out of tlfe solution. The exactness of 
this makes it a convenient method of measuring quantities of 
electricity. Similarly, the amount of the acid radicle (S0 4 ) 
appearing at the anode is exactly proportional to the quantity 
of electricity entering the solution there. As the electrode in 
the case considered is platinum with which the acid radicle 

152 
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does not rdact, the radicle combines with water and decoTh- 
poses, giving sulphuric acid and oxygen g«s.* Theso are more 
difficult collect find measure than the solid copper deposited 
on the cathode, and are not used for measuring current. If 
<fche anode wore a copper plate the metal could be attacked by 
flic acid radicle arriving at it, and we should then have oflpper 
dissolved at the anode and deposited on the cathode. § 

The copper and tho acid radicle move through the solution 
in opposite directions. They are driven by the electric forces 
which arise from the plectric pressure or potential difference. 
So that the same body of liquid there are equal quantities 
of each kind moving through one another. They carry opposite 
charges of electricity, so that they neutrali/.e each other’s 
effects, except where they arrive at an electrode at the 
end of their journey. The charges are called posit ire. and 


negative to express their opposite characters. At the cathode 
a supply of carriers of positive charges arrives in a steady 
stream, and at the anode a supply of carriers of negative 
electricity arrives in a steady stream. This is the reason why 
it is .only at the electrode's that the decomposition due to the 
electric current appears. The carriers are called ions. The 
positive ion is practically always an atom of a metal or ail 
atom of hydrogen; occasionally, as in the Leclanche cell, it 
is a combination of atoms forming a radicle equivalent in 
chemical action to a metal atefm. The negati vision is generally 

a coffibiinftion of atoms forming an acid radicle. The actions 

• - 

taking place at the two electrodes are of opposite nature. 
Electrically they are expressed by stating the direction of the 
current, which is taken as the direction of •movement of tin* 
ions called positive and is opposite *to the direction of move¬ 
ment of the set of ions called negative. ChenTScally, metals 
deposited at thfc cathode. •The metal atom is freed* from its 
combination Vith other atoms. This is the process caHod by 
the chemists reduction. *\t the cathode metal is disnolvpd from 
the electrode. This processes called oxidation. If the plate 
is not liable to attack Jhere is a« decomposition sot going by 


tho ion on arrival, which liberates oxygen. 

The chemical decompositions produced by *thc passage of a 
current through an electrolyte have majiy ■ applicatigns in 
manufacturing processes. In fact, some of the products 

* H a O f,S0 4 H a SO| + O 
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obtained in this way cannot be got in any other way, except 
at great .expense. For instance, aluminium is separated by 
the electrolysis of a bath of fused cryolite. Ueforc this method 
was developed, the metal was so expensive that it was rather 
a curiosity. Soda (and chlorine) are obtained from the elec 
trolysis of brine much more cheaply than by the older process 
based qn the action of sulphuric a/“id on sea salt followed by 
further complicated treatment bf the product. The refining 
of copper for electrical purposes is now carried out erclusively 
by means of electrolysis. The .anode i^s a plate of the crude 
copper as delivered from the furnaces ’in which it has been 
reduced from its ore. The electrolyte is a bath of copper 
sulphate solution and the cathode a sheet of pure copper. A 
fairly high current density is used (20-30 A./sq. ft.) and the 
temperature of the bath is controlled. The copper deposited 
on the cathode is free from jbhe impurities present in the 
original ingot, as the conditions of current density, etc., do 
not allow them to take part in the electrolysis. They collect 
in a kind of mud on the anode. As the resistance of a copper 
conductor may be increased enormously by a very small, per¬ 
centage of impurity—too small to be removed by other 
refining methods—wire of a reliably high standard of conduc¬ 
tivity was not available until electrolytic refining was adopted. 

Electrolytic meters have been designed which measure the 
total amopnt of electricity delivered in any time by the amount 
of mercury reduced from a solution. The anode is 1 a pool of 
mercury at one end of a tube and the amount collected at the 
cathode measures the consumption. By tipping up the tube 
the mercury flqws back To the anode and the meter is reset. 

Another example of electrolysis is’ worthy of study. When 
acurrent is passed through a dilute acid solution with platinum 
electrodes, hydrogen ions arriving af' the cathode and oxygen 
ions arriving at the anode are liberated as bubbles of gas. If 
these are collected in tubes placed over the electrodes for that 
purpose th< gases may he stored. They are evolved in the 
proportion^ of two volumes to one. These are just the propor¬ 
tions required for complete combustion of the hydrogen. At 
the same lime 'the corresponding amount of water has dis¬ 
appeared frolYi.tho solution. Now 'if the hydrogen is burnt 
with the oxygen tlicre is .a very hot flame; %. large amount of 
heat is produced. Heat, wc know, is a form of energy, so that 
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in the combination of these two gasos to reform the waf!fer 
from which they were produced, we obtain a largo supply of 
energy. Cftn an orifergy profit be made by this means ? Can*we 
get energy continually out of this treatment of water without 
putting an equal amount in ? Clearly from the law of cohserva- 
tfon of energy it is impossible. At least as much energy must 
bo put into the electrolyse of the water as is got out* in the 
form of heat in the burning of the products. This energy must 
be put irf to drive the current through the cell in which the 
electrolysis is performed. There is on this account an opposi¬ 
tion to tjjie passage of the current in addition to the friction 
in any resistance in the cell. 

Let the current be I amperes and tins potential difference 
at the input V volts, then 

VI — watts — joules supplied per sec. 
and if R is the resistance eoneefned 

PR — watts spent as heat in the resistance. 

VI — PR — watts spent in tho decomposition. 

We dim calculate this quantity, as we can measure the number 
of calorics produced by burning a measured amount of hydro¬ 
gen and oxygen. JOaeh ampere produces the same weight, 
IT grammes of hydrogen per second. Hurtling l g. of hydrogen 
gives us say q calories of hcafc. Consequently the energy put 
in to decompose the water is • ® 

W,ql cal. per Sec* — Wql X 4*2 joules per see. 

— 4*21 Vql watts 

Thus VI PR t P'lWqP * 

V— IR - 4-21Vq " 

We see that Ohrp’s law Moos not apply to an ekfetrolyfic 
coll unless we*take account of this quantity 4*2 Wq. 

If we write this statoihont in a different order m 

* V-i^Wq IR 

9 

we see that Ohm’s law V = IR holds if a back electromotive- 
force 4*2 fVq is reckoned in as being subtracted from the input 
potential difference measured at the terminal^ of the coll. In 
order to get a cyfrrcnt through the cell V must be greater 
than 4c'2Wq volts. This Result is easily verified practically. 
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Ctonnect up a circuit with an electrolytic cell, ammeter, volt¬ 
meter aiyl a rheostat with a battery of, say, 4 volts. 

.Plot readings of the current against the voltmeter readings 
and a result like that in Fig. 85 is obtained. The current is 



Fia. 84. Electrolysis Fig. 85. Back E.M.F. 

proportional to the excess, of V n‘ a quantity e. The 
reciprocal of the slope of the line is a measure of the resistance 
R of the cell, for ' 

V—e BV 1 

A ‘ 1 / AB ^ Slope 

If the switch S is opened the voltmeter continues to give a 
reading which begins at the value e and slowly falls. The 
voltmeter indicates really the current which is parsing through 
it, and, consequently there must be a potential difference 
supplied by the cell to drive this current. Consider the currents 
through the ccdl and voltmeter before and after the switch S 
is opened. Their directions are indicated in Fig. 80. 



Before opening switch. After opening switch. 


Fig. 8G. Accumulator 

The current through the voltmeter is in the same direction 
as before. Tins is slidwn by the direction of the deflection of 
the pointer be>ng the same. We know, therefore, that the 
current through the cell has reversed, ii". we examine the 
electrodes in the cell, we shall sen that when the switch is 
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opened there are bubbles of gas on both of them. As the dell 
continues to supply current this gas gradually diminishes and 
disappears. • t 

These gases are hydrogen on the cathode and oxygen on the 
,anode. On opening the switch, the current in the cell Teverses 
«*nd the old anode is now the cathode, .and the old cathode 
becomes the anode. Tips means that hydrogen is being 
delivered at the electrode eftvered with oxygen and oxygen 
at the electrode with a layer of hydrogen on it. There is a 
quiet re-combination pf hydrogen and oxygen going on at the 
two electrodes, and the energy of their re-combination is being 
spent in* sending the current phown by the voltmeter. This 
shows that not only can the energy of the electric current be 
used to produce chemical changes, but, conversely, the energy 
of chemical changes can be used to supply electrical energy. 

The first method of producing a steady flow of electricity 
to be discovered was by means of two metal plates in a solution 
of an acid or salt. When the two plates were of different 
metals, a current was found to flow through a wire joining 
the plates. The wire got warm. To drive the current J,h rough 
the resistance of the wire needed a supply of energy. We 
can now see where tins energy comes from. It comes from 
the energy evolved in the chemical reactions which go on in 
the cell. If the plates of such a cell are examined, one will be 
found’ to be eaten away and dissoh ed. If a piece of this metal 
is taken and dissolved in the acid of the; cell, heat will be; found 
to be eyolved, i.e.'there is a setting free of energy. If the 
current in the cell is reversed by a supply of electricity of 
higher potential difference, the action is reversed and the metal 
is deposited on the electfode from the solution. But not only 
the metal is put back. The enoi*gy set free when tilt; metal 
dissolved has also to be'rcutored to it. There is th<*reforeman 
opposition t* the Current flowing in this direction like the 
opposing voltagp e in the last experiment, becausc # work must 
be dpne to move the electricity in this direction. * 

Here wc have a way in wlfich energy can be supplied to an 
electric circuit to maintain a current in it. If the cell is not 
connected to a complete circuit so that«. currfcitt can flow, the 
chemical actions go on fdf a time and then s^op. The energy 
is spent pushing positive electricity into ond plate and negativo 
electricity into the other # until the congestion in tlje plates 
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becomes so great that the work required to pusk any more 
into eithqr is equal, to the energy that is available from the 
chemical actions. A deadlock is reached with a certain poten¬ 
tial difference between the plates—the potential difference on 
open' circuit. This potential difference measures then the* 
energy liberated in 1*hc cell for each coulomb of electricity it 
delivers. It is a definite amount fo ( r each make of cell and is 
called the electromotive force of the cell. The electromotive force 
of any electric generator is defined as the energy supplied to each 
unit of electricity sent out. ' It is measured practically in joules 
per coulomb, or watts per ampere, or volts, and is generally 
represented by the letter E or e. 

When a cell is supplying a current /, the energy supplied is 
El joules per second. This is spent in the circuit in various 
ways. One way, which must not bo overlooked, is in sending 
the current through the resistance of the coll itself. The 
electrolyte in the cell has a resistance just as the metal con¬ 
ductors used to make up the external circuit have a resistance. 
If this internal resistance is r ohms, the energy spent per 
second js Pr and the power output from the cell is reduced 
by this amount. If the potential difference at the terminals 
of the cell is V, then we have the power output VI, so that 

VI — El— Pr 
V = E t, - Jr 

or ' " E-V--Ir 

i 

i 

Internal resistance in a cell is clearly to be avoided as far 
as possible, as it results* in ji pure loss. Considering the elec¬ 
trolyte in the coll as a conductor, its resistance is diminished 
by making th* path of the current through it as short as 
p&jsible and by having the plates as'large in area as possible. 
The resistance depends on the size and nearness of the plates; 
on the'other hand, the electromotive force E in no way depends 
on thesV; things but merely on t|jp materials of which the cell 
is made up. 

When a metal plat? is put into An electrolyte, chemical 
action takes ]»biee, and in consequence of this the pjate gets 
an electric charge, and we get a potential difference between 
the plate and the ‘solution. The action stops when the plate 
is charged up to a potential difference equal to the electro- . 
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motive force developed in the chemical action. If the potential 
difference were made greater by any means* the actions would 
'reverse, updoing wjjat had been done and lowering tlie poten¬ 
tial difference betweer^ the plate and the solution to its original 
v^ilue. When we have two metal plates we have a potential 
difference between each and the solution, e x and c 2 . The p.d. 
shown at the terminals is 

* , i 

E = \ - e 2 

If the two plates are the same metal = c 2 and E — 0. 
The metals must be dm'erent if we are to have a useful cell. 


E also defends on the solution used in the cell, as changing it 
changes both and e 2 . Many different types of cell have 
been devised, as there is a large choice of materials available, 
both for the plates and the solution. However, ill practice 
the variety is not great. Our choice is guided by considering 
efficiency and cost. Starting w^th the original simple cell, as 
invented by V T olta, having two metal plates in a dilute 1 solution 
of an aeid, it is not a difficult matter to find what pair of metals 
gives the highest potential difference. They can be compared 
by means of a high resistance galvanometer, or a voltmeter. 
Tin* different pairs are then considered from the point of view 
of cost. • 


The best pair will he found to have zinc as one member, and 
carbon,* copper, gold or platinum as the other, with no great 
differotice between them. The matter of cost^ian Be settled 
at om;e in these circifmstances. All cells have now zinc paired 
tvith carbon or copper as electrodes. 

We will now examine the cell inpre in detail. Making up a 
cell from plates of zinc and copper we find no sefious difference 
in the current sent round a given circuit usings different aeid 
solutions, that is* at the beginning. But if we Ieavc # the ceil 
connected, the* currCJit gradually dies down and finally stops. 
The zii\o plate looks all right, cleaner if anything than before. 
The copper plate*is covered ^ith bubbles of gas. ]T thftse are 
wiped - off, the current is partly^restpred, but not for long. Only 
if the plate is taken oift and thoroughly scraped does the 
current recover its original value. The passage ®f the current 
has changed the nature of the surface of the plate. This plate 
is the cathode of fche cell and the gas which collects there is 
hydrogen,* as in cn.sic of t.ho oloctroivaiw of a. dilute. n.cid 
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which has been discussed. The film of hydrogen on the plate 
has changed the nature of the plate in contact with the elec¬ 
trolyte, and consequently the part of the ijelectronDotive force 
duo to the contact. In the equation E *r= e x — e 2 , c 2 due to the 
copper plate is changed to the value for a hydrogen plate, 
which is higher, and so the difference e x — e 2 is made smaKer 
until it vanishes. This effect is called polarization. The prin¬ 
cipal effect of polarization is this opposing electromotive force 
or back e.m.f. There is another effect which also reduces the 
current given by the cell. This is, thpt the resistance of the 
film on the plate to the passage of electricity is high, and 
consequently the current is diminished. These twd results of 
the polarization make the simple cell unsuitable for most 
purposes, and several methods have been devised to get rid 
of it. These are— 

(а) The provision of a substance in the solution which will 
combine with the hydrogen as fast as it collects on the plate. 

(б) Putting something on the plate which will combine with 
the hydrogen, and thus prevent the formation of the film. 

(c) Arranging the coll constituents so that hydrogen is not 
deposited on the plate, and consequently no provision is 
required for its removal. 

We will considor present-day cells in which each of those 
three methods is employed. 

Method (a). Of the cells which make use of this method, the 
only type likely to be met with is the IPchromatj cell. This 
cell has electrodes of zinc (Zn) and caroon ((J) and the elec¬ 
trolyte is a solution of sulphuric acid (II 2 S0 4 ) with the addition 
of bichromate of potash (K 2 ^r 2 0 7 ) or of chromic acid (H 2 Cr0 4 ). 
These two substances are compounds containing a combination 
of chromium * vith a great deal of oxygen, in fact Cr0 3 . The 
hydrogen liberated at the carbon plate combines with some 
of this oxygen and reduces it to the lower oxide Cr 2 0 3 . The 
electiolyte when fresh has a deep orange colour, which changes 
to dark green as the chromic acid is converted to chromium 
sulphate (Cr 2 (S0 4 ) 3 ). The electrolyte needs to be renewed 
when the solution reaches this colour. As the electrolyte will 
dissolve zine'even when no current is passing, the ,zinc plate 
must be lifted,out when the cell iS not in use. Owing to this 
complication, thifc cell is rarely used nowadays. Its virtues 
are low resistance and high electromotive force, 1-7 volt. It 
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is therefore capable of a high current output. The spread 6 f 
, the supply of electric power and the developmcitf of the 
accumulator have made it practically obsolete. , 

Method ( 6 ). Cells depolarized by this means, on the other 
hand, have not yet been displaced from general tlse, as 
tlftey have special advantages of portalslity and reliability 
while requiring the minunum of attention. The topical 
cell is the Lcclanchc cell. *The electrodes are zinc and 
carbon and the electrolyte is a solution of sal ammoniac. The 
depolarizing agent is tyack oxide of tnanganese (MnO a ). This 
metal manganese (Mil) is similar to chromium (Cr) in its chem¬ 
ical properties and also forms several compounds with oxygen. 
One of the richer oxides is the black oxide. This is cheap 
and occurs naturally as one of the ores of manganese (jailed 
pyrolusite. This is powdered nndhiixod with carbon to make 
it sufliciently conducting. The yiixture is eit her packed tightly 
round the carbon plait* in a porous pot, or is compressed into 
blocks which are held to the carbon plate by rubber bands. 

* Sal ammoniac (N1F 4 (M) is a compound of ammonia (NJT 3 ) with 
livdrqchloric acid (1IC1). Zinc is dissolved when a current is 
being generated and the compound ion NHj travels to the 
carbon plate. In contact with the mixture at this electrode, 
the excess hydrogen forms water, reducing the black oxide 
to one with less oxygen, and the ammonia is allowed to escape. 
A gas Vent must therefore be ffrovided if the mi^turejts packed 
in a jfot. The solution of sal ammoniac is not so vigorous in 
acting 04 the zinc as au acid, so that the cell can be left 
’practically indefinitely with no other attention than replace¬ 
ment of the water lost through evaporation. # The oxide of 
manganese being insoluble, the oxidation of the hydrogen 
liberated at the electrode is not so rapid as if it vftjre in solution, 
and so the depolarization hiay not keep pace with thorequii^- 
ments of the <*;I1 if tJie current is large. The e.in.f. of the coll, 
therefore, will fajl gradually when it is supplying # a cifcrent. 
The resistance may also be increased because of the pores of the 
mixture at the carbon clectrodb beeoming choked with bubbles 
1 of gas. However, when the circuit is opened, the accumulation 
of hydrogen ceases find the depolarizer gradti.TIly overtakes 
the arrears, the electromotive force rises to it§ rtormal value, 
and the resistance*Is restored to its original value. The normal 
•e.m.f. of fhis type of cell is # about 1*5 volts, and the resistance 
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df the quart size of cell is about j ohm. Wherb the supply 
of electric current ts only required intermittently with periods, 
of* rest, and a high voltage is not wanted,»as for house bells, 
alarms, etc., this type of cell is particularly useful. The elec¬ 
trolyte is not a dangerous corrosive liquid, and the cell is 
always ready for immediate use without any preliminary 
attention. A variety of this cqll is the dry cell in which 
the electrolyte is made pasty* with some absorbent porous 
material so that it cannot spill. A large number ofesmall size 
dry cells connected in tfcries provide^ a battery which can 
give a high potential difference, if only a small or moderate 
current is required. This is the pattern used tor “high 
tension” batteries for wireless reception, and in various sizes 
for portable electric lamps. The electromotive force of this 
typo of cell falls somewhat*during life owing to the using up 
of the electrolyte, etc., and thq resistance increases. If the cedi 
is (jailed on to supply a current for a long time continuously 
the electromotive force gradually falls owing to polarization. 
This fall is the more rapid the heavier the current. The original < 
electromotive force, is largely recovered when the cell js left 
idle. Many patterns are produced by different makers using 
different materials to render the electrolyte non-spillable, and 
also using other salts instead of, or in addition to, sal ammoniac. 


Method (c). The outstanding pattern of cell which avoids 
polarizatjon altogether is the K’aniell cell. The electrodes are 
zinc and copper. The electrolyte is separated intft twd parts 
by a porous pot of unglazed earthenware! The fluid found the 
zinc plate or rod consists of dilute sulphuric acid (H 2 K() 4 ) or 
a solution of, zinc sulphate (ZnSO,). The copper plate is 
immersed in a concentrated solution of copper sulphate 
(CuSCfj). Wlrt/n a current passes through the cell from the 
zinc to the copper electrode, zinc*is* dissolved from the anode 
and copper is deposited on the cathode. Consequently the 
elect Axles, are unchanged by the •passage, of the current. 
Polarization does not occur. Tfj«a current is sent in the, other 
direction, copper is dissolved from the copper anode;, and zinc 
is deposited on the zinc cathode. The celf is thus reversible • 
in principle. *A‘s the energy set free by the solutiongof zinc in 
the cell givdfc fin electromotive fo£cc of about 1-8 volt = e l5 ‘ 
and the energy from the solution of coppff^ gives an electro¬ 
motive, force of about 0*8 volt — ^ 2 , the resultant d.m.f. is in, 
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the direction which brings zinc into solution and deposits 
t copper. The net e.m.f. E -= e 1 — e 2 — 1-0 vplt approximately. 
As polarization doc# not occur, this e.m.f. is constant and tjie 
cull can be used as |ifi approximate standard of potential 
difference. The resistance of the ordinary pattern of Daniell 
ceH is about b ohm when in good order. .The two solutions 
tend to mix through the j^orcs of the earthenware pot, but 
while the cell is delivering a current the zinc ions are travelling 
through tl\e pores of the pot and the copper ions are travelling 
in the same direction towards the copper plate. The presence 
of zinc in solution in the copper compartment does not affect, 
the workirfg of the cell, but when tin; cell is idle, copper ions 
may diffuse into the zinc compartment. On meeting the zinc 
electrode a copper ion exchanges with a zinc ion, which goes 
into solution and copper is deposited oil the zinc. Then we 
have a little local cell complete and short-circuited where the 
copper touches the zinc. This will give rise to local currents 
circulating actively wherever a speck of copper is deposited 
»and the zinc is eaten away uselessly. .Further, on putting the 
cell into service again, little or no energy is a vailable jin the 
external circuit, as the energy got from tin* solution of the 
zinc is frittered away in this “local action.*’ To prevent this, 
the cell should be dismantled and the solutions separated when 
it is not being used, or, as an alternative, the eel I may lx; 
connected to a circuit of modemtely high resistance, so that it 
supplies a, small current; this causes a drift of the copper ions 
towards t-Jie copper f)late and prevents them from diffusing 
iVito the zinc compartment. •The .Daniell cell is often called a 
closed circuit cell because it may „not» be left ^ idle on open 
circuit. (The Leclanclie cell is, for similar reasons, termed an 
open, circuit cell.) As copper is continually bein£ deposited on 
the copper electrode from t*lu> solution, provision must be mat& 
to keep up the supply by having crystals of copper sulphate 
on a shelf in the cell in contact with the; liquid. * 

It b/is been pointed out above that the Daniell cell,*being 
free from polarization, might Serve, as a standard of potential 
• difference. However, as its electromotive force, is liable to fall 
if the zin^j compartment becomes contaminated' with copper 
sulphate, it is not a suitable cell to keep ready made up for 
such a purpose. I^timer Clark designed the* cell named after 
himself, irt which the copper of the Daniell cell is replaced by 
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mercury. A layer of mercurous sulphate (HggSOj is placed 
over th% liquid mercury; this, being slightly soluble in water,, 
n\$kes this electrode reversible as is the'copper felectrode in 
the Danioll cell. The other electrode 4s a rod of pure zinc, 
and the electrolyte is a concentrated solution of zinc sulphate. 
There is no porous 4 pot or any partition in the cell to dividfi it 
into Jwo compartments, as the presence of mercury on the 
zinc rod produces no ill effects. 1 When carefully prepared with 
puro materials the e.m.f. of the cell is 14328 volte at 15° C. 
This cell formed the legal standard of potential difference at 
one time. Though the mercury electrode is reversible, i.e. 
mercury is dissolved or deposited at the electrode according 
to the direction of the current, it is found that, if more than 
a minute cuirent is taken from the cell, the mercurous sulphate 
in solution near the electrdde is all used up and, owing to the 
low solubility of this substanep, it is only replaced very slowly 
by solution of the solid present. Thus the cell is liable to 
polarization unless care is taken, and then the potential 
difference at the terminals lias not the correct value. This cell 4 
has al*so a temperature coefficient, largely due to the variation 
in the strength of the electrolyte as the temperature changes. 
The Latimer Clark cell is now replaced by the Cadmium cell. 
This is a similar cell merely replacing the zinc of the Latimer 
Clark cell by an amalgam of cadmium and the solution of zinc 
sulphate, by one of cadmium Sulphate (CdS0 4 ). It is not so 
sensitive to variations of temperature-and rc<?over& more 
rapidly from the effects of supplying more than a rery small 
current. It has been adopted by all countries as the legal 
definition of,the Standard Volt. When made up to the 
standard specification, .the potential difference between the 
termihals is ctbfinod by Act of Parliament to be 1-0183 volt at 
!f)° C. «This fixes, as nearly as it is possible t*> do so at present, 
a standard unit of potential difference • which' would, deliver 
1 wait of nower in maintaining a current of J ampere. 

The Weston cell is similar to the standard cadmium cell, 
but is mach* up to a slightly* different specification for the 
strength of the electrolyte, etc. It has a slightly different' 
e.m.f. ' ' • * 

These cells $ro never used to supply a current, but to provide 
a standard of potential difference for the Calibration of volt¬ 
meters and similar purposes by th$ potentiometer method. 
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The DanitjJl and Leclanch6 cells on the other hand arc usqd 
for the supply of current, and their electromotive forces are 
■ liable to some variations from changes in temperature,’strength 
and purity of the solution forming the electrolyte. Tho internal 
resistances of cells are liable to wide fluctuations, particularly 
those patterns which use a porous pot as the pores may get 
more or less choked in the course of time. * 

2. Secondary Cells. Thc^ energy which drives the current, 
when supplied by the cells described in the last chapter, is 
obtained from the chemical energy, of combination of zinc. 
This is a very expensive fuel, but it possesses the advantage 
that practically all the energy of the combustion of the; metal 
is converted into electric energy with little or no waste. But 
even this ellieicncy does not make electric energy cheap when 
obtained in this way. With zinc* at £14 a ton, the cost is 
lid. a pound. As 0-000339 grammes of zinc are dissolved for 
each coulomb supplied and the e.m.f. of a Danicll cell is 
1-1 volt, approximately 1-47 X 10 ,} joules can be obtained in 
# the form of electric energy from the combustion of 1 pound 
of zinc in Daniell cells. This is a little over ^ kWh. The 
expense for zinc alone would be about 4d. per kWh. i(’drawn 
from primary cells. In addition, the costs of manufacture, 
installation, renewals, and maintenance must be taken into 
account. Tin; cost of energy obtained in this way is high. 
In general, the price of the ra^v materials is tin; least part of 
the cost of any article. This is specially true ixfthis Case. For 
example, the cost of»a flash lamp battery is sixpence. It can 
' supply 0-55 amperes for abyut eight hours at an e.m.f. which 
is 4*5 volts at the beginning and falls 3 volts at the end of 
its life. This gives an energy output of 7-5 waft-hours, approxi¬ 
mately, say watt-hours for Id.,*or for 1 Jdlowati-hour, 
800d., ^ £3 6s. gd. » , • 

The great sonveifiencc and simplicity of control of elec¬ 
trically operated devices as well as the possibility of producing 
results by means'of the elec^’ic current which cotfld only be 
obtained with great difficulty by^otker means, if at all, has 
, given electric cells a position of. usefulness whero they have 
no rival in spite of their cost. , . • 

. Tho cost of a pound of coal is much less than that of a 
pound of zinc, and it will yield a very muoh larger supply of 
energy when burnt. But this energy is in the form of heat. 
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-A certain proportion is lost up the chimney, but the greater 
part of it can be gonvcrted into the energy of high pressure 
steam in a boiler. This again can be converted in a steam 
engine into mechanical energy which <$,n be converted into 
the temjrgy of an electric current in a dynamo or alternator. 
The. efficiency of the conversion of heat energy into mechanical 
energy is low, for only about 20 per cent is converted in the 
steam-engine. On the other hand, Vhe efficiency of a generator 
is high and practically all the mechanical energy input is 
available in the oleetricaboutput. As a result of the cheapness 
of the original store of chemical energy in coal and air, and 
in spite of losses in changing from one form of energy to 
another, the cost of electrical energy in bulk, generated from 
coal, can be kept under Id. per kWh. in towns. This includes 
all costs of machinery, bui’dings, rent, rates, fuel, staff, and 
distributing mains.* 


The cheapness of electric Energy generated in this way 
depends in part on its being used as it is produced. If it is not 
being used much of the plant is still running and the cost of 


idle machinery must be allowed for. A demand for energy, 
which Vises and falls at different times and seasons, makes it 


expensive to the supplier, as the capacity of the plant must 
be greater than the peak demand. It was felt to be desirable 
to discover some way of storing tile energy at slack times so 
that it might be available to cssist in supplying the demand 
during busy hours. A French scientist, Plante, studied how 
this storage of energy might be arranged for by electrochemical 
means. He examined the suitability of different metals and 
electrolytes for the purpose, and found that an electrolytic 
cell using leaci plates as electrodes and dilute sulphuric acid 
as electrolyte^ave the most satisfactory results. It will make 
things clearer if we examine what, the problepi was. Wo know 
from what has been said about the p.tssage of electricity 
through electrolytes, that on reverse ! of the direction of flow 
of the electricity the chemical actions at the electrodes are 

r» t 

reversed. Or rather, tlu^ jvouM be reversed if the materials, 
produced at t he electrodes when the flow was in one direction, 
remained there to take part in the changes when the direction 
of flow was "vversed. Thus, when sending a current through 


* In iso luted and remote country districts tho djgponse of distribution 
may raiso the coit to lOd. per kWh. 
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dilute sulphuric acid, hydrogen is set free at the cathode ami 
t oxygen at the anode, these being obtained from thy decom¬ 
position of the water. At the same time energy must rf be 
supplied to cause this decomposition. When the current passes 
m the reverse direction through the cell as in the experiment 
oiPp. 156, the.anode and cathode exchange with one another 
and the action at each is reversed. Energy is set free by these 
actions to drive the currefit. * Hydrogen set free at wfhat is 
now the cathode combines with the oxygen clinging there and 
reforms water, giving f.^it the energy of combination as electric 
energy, and not as heat. A similar action occurs at the other 
electrode.* The e.m.f. generated depends on the energy 
liberated per coulomb. The number of coulombs which can bo 
delivered by this reverse action depends on the amount of the 
products of the direct current which are stored and available. 
It is this latter factor which decides the capacity of the cell 
as a storer of energy—the number of ampere-hours if will 
supply when charged—for the e.m.f. is lixed for any given 
• type. Plante found that with lead plates in dilute sulphuric 
acid the e.m.f. which was available was about 2 voltes, and 
that tlie amount of energy which could be stored was large 
compared with most other possible materials. 

These resufts are a consequence of the properties of the 
metal lead. The products of the electrolysis when energy is 
being pht into the cell must l*e stored at the electrodes and 
not allowed to stray. They must therefore btf insoluble and 
not liable,to pass a wily in gas. Also they must be reasonably 
good conductors of electricity, for, if not, then the current 
passes them by and they take no fiythur part.in the cell. The 
action at the anode is a liberation of oxygen which must be 
stored. The electrode is to be oxidized* At the cathode a Supply 
of hydrogen is set*free. This*will not combine with th« mebi#, 
but if the metal is oxidized it will take; the oxygen away, form¬ 
ing water, and tlyis reduce the oxide to one with less oftygen 
or eveji to the pure metal. This may be set down simpfy, 

At anode , V * . oxidation 

At cathode . . * . reduction 

• (a) The Lead-acid Cell*. Lead is one of th<j metals which 
forms many comjjdunds with oxygen. Several of them are 
well knowft and they have a wide range of uses. , . 

-(T.49) * 


12 - 
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f Expressed in symbols the ones which are of interest in this 
case are— , 


Pb a O 

Lead suboxide 

“Sf- 

Grey 

Pfitb 

Lead oxide, litharge 

Pale Yellow . 

Pb0 2 

Lead peroxide 

Light brown 0 

Pb a () 6 . 

Load pentoxido 

Black 

ft 

. V 



In addition there are other oxides which do not occur in 
the cell. One that is woE known is red lead, with the formula 
Pb ;J 0 4 , and is obtained by heating load in air. When a lead 
plate is used as an anode in dilute sulphuric acid, it i6 gradually 
oxidized. The stages are Pb, Pb 2 0, PbO, Pb0 2 , Pb 2 0 5 . The 
formation of the first two oxides is found to give out heat, or 
in the cell, energy, which assists the passage of the current. 
The latter pair of oxides, however, require a supply of energy 
to enable them to form. They sot this energy free when they 
are decomposed or reduced. Lf the surface of the plate is 
already oxidized and it is used as a cathode, the changes take 
place in the reverse order, from Pb 2 0 5 to Pb0 2 , then PbO, 
Pb 2 0 and Pb in succession. The first two stages in the reduc¬ 
tion liberate energy to assist the current and the latter two 
absorb energy. In fact, lead and oxygen combine with 
evolution of energy up to a certain stage—PbO—but to get 
a further quantity of oxygen *o combine to form one of the 
higher oxides needs tho input of energy. These higher oxides 
are not so stable and are easily induced to part with their 
surplus oxygen and thus revert to the very stable litharge PbO. 

When the anode has been oxidized to Pb 2 0 6 , any further 
current causes no further oxidation’ to take place, the oxygen 
liberated passes off in bubbles, and similarly at the cathode, 
Vvben aH the oxide has been reduced, any further liberation 
of hydrogen causes bubbles of gas to cohie off: This is what 
is meiint by saying the plates are “gassing.” 

There is no further storage of energy after this stage. If 
wires connected to the two.plates are now connected, a current 
will flow in such a direction in the bell that energy is drawn 
from the chemical actions to drive the current ^ound the 
circuit. This will result in the highly-oxidized plate being 
reduced and in the reduced plate becoming oxidized. When 
botft plates are brought to the stage of PbO there is no further 
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supply of eftergy and the current ceases. There is no e.m.f *in 
the cell. On passing a current from another generate** through 
the cell i# can be* recharged and is then ready to repeat* its 
output. The e.m.f. of the cell when charged is about 2 volts. 
Chis varies slightly with the strength of the acid ;tnd the 
temperature. .The number of ampere-hours which the cell can 
deliver when charged depends on the amount.of active oxide 
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on the surface or cavities in tlie plates. The plate which 
, acts as itnode during charge and by which the current leaves 
the cell during discharge is*called the positive plate. The other 
is called the negative plate. • • • 

The changes taking place during 4 these operations # can be 
set out in the following rpanner -- 


JiMrtto 


• Positive 


Negative 


Chemical change "Pb^O, Pbt) 8 # PbO PbO s Pb 


Charging . 


Discharging 


Oxidation 
• Anode 


(Reduction 


Reduction 

-•- 

Cathode 

Oxidation i 


| The*amAvs show 
the duectiou of 
tlie changes in 
the piffles dur- 
• *ing the opora- 
*ion 


Cathodf 


Anode 
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Charging makes the plates more unlike one another and 
discharging brings them into states more like one another. 

The discharge? should not be allowed to go too far." It should 
be popped before either plate reaches the stage of lead 
monoxide, PbO, for this substance in contact with sulphuric 
acid forms lead sulphate. Lead sulphate has such a high 
resistapee to the passage of electricity that the current passes 
it bv and it takes no further part in the actions in the coll. 
The amount of available material on the plate is-therefore 
reduced and the storage capacity of die cell for energy is 
lowered. Further, by screening the part behind it from being 
charged, the sulphate trouble is liable to spread and will in 
time put the eel I out of action. Most of the precautions to be 
taken in the maintenance of lead accumulators are intended 
to prevent the occurrence of this sulphate. First and foremost 
the cell should not be; allowed, to discharge completely. Dis¬ 
charge should be stopped when the; c.m.f. has fallen to 1*8 
volts in the portable type or 1-0-1 -7 in the stationary type. 
This does not cause any loss of capacity, for the amount of 
energy remaining in the cell at this stage is negligible. Second, 
and almost as important, the cells must n<vt be allowed to 
stand discharged for any longer time than can be avoided, 
because in this state the acid is liable, to react with the oxides 
on the plates and form the objectionable sulphate. Third, 
the acid must ljot have; too great 1 a strength, because this tends 
to favour the production of sulphate in the late!* stages of 
discharge. Fourth, the discharge should'not be at .too great 
a rate, as then it does not occur evenly, and some parts of the 
surface of the .pkites n?av be discharged too far and become 
sulphated. In addition, too rapid a charge or discharge may 
cause 'buckling'* of the prates as the different oxides occupy 
different* volumes. This may cause" the plates to touch and 
thus produce a short circuit, or it may loosen the oxides from 
the pistes*. Fifth, a serious overcharging should be avoided, 
as the evolution of gas bubbles in large quantities in the pores 
of the oxides is liable to loosen them from the plates. The final 
stage of charging should be carried out with reduced current. 
Sixth, owing to the gassing which occur* in the las* stage of 
charge and to some extent during the earlier stages, there is a 
loss of water by electrolysis. This should* be made up with 
pure distilled water only, ibis gassing is due to the’fact that 
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the oxidation and reduction at the plates does not reach 
completion all over at the same time, and so some *parts are 
finished before the* others. $ 

There is no accurate method of judging the stato of charge 
t)r discliarge of a cell except a measurement of the Ampere- 
hours put in or taken out. However, an estimate can be formed 
of the state of the cell fr^m # a measure of the density of the 
acid. During discharge! suboxide of lead, IM^O, is formed on 
the negative plate. This combines with sulphuric acid from 
the electrolyte to forrti a compound* called plumbous sulphate 
Pb 2 S0 4 . This is also grey, and being a conductor, does not 
hamper the, action in any way. The electrolyte is thus weak¬ 
ened in proportion as the discharge goes on, and the lowering 
of the density of the acid, when compared with the known 
densities when fully charged and‘discharged, is a guide to the 
state of the cell. The acid is returned to the electrolyte during 
charge. The colours of the plates are not reliable as a guido 
to the state of the charge. The negative plate is always grey 
and varies little in colour. The positive plate is black when 
charged and light brown when discharged. But as the^surface 
of a discharged.plate turns black during the first part of the 
charge and J}hc surface of a charged plate changes to brown 
during the first part of the discharge, the colour of the surface 
is no guido to the state of 1 he bulk of the plate. 

In order that the capacity l>f a cell should J>e large, a large 
amount of material must be available for reduction or oxida¬ 
tion at *!ach plate. A metal is of a very compact nature 
generally, so that only the surface is available for attack. 
Plante found that if he used lead sheets in hi#? yell and charged 
it up repeatedly, reversing the direction of the charging current 
each time, the amount of energy* stored tftiring a* charge 
gradually increased^ This w%s due to the surface layer* oxidised 
during one operation, not being replaced as a compact skin 
on the plate whan it is induced during the next opprafcySn, but ( 
remaining as a spongy laycA This allowed a further skin of 
lead to be oxidised, and so \he amount of lead oxidized or 
reduced is increased step by step. This operation ig called 
forming 4he plates. *It is a costly and “tedioifs*proccss. It is 
accelerated by constructing the plates with a.sflrface covered. 
with narrow, thin ribs with deep, narrow grooves between to 
expose as large a surface a$ possible. The preliminary*fowning 
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of*these plates is carried out in a neutral solution of a sulphate 
of magnesium or seda, as this is found to produce a deeper 
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porous layer J>han sulphuric 'acid. The plate is then washed 
free from the salt boforo being put into service. The other 
method of increasing the capacity of the plates, due to Faure, 
is to make them with cavities which are filled with $ paste of 
lead oxides with some additions which have been found to 


Pasted Plates 
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improve the final state of the plate. By using the plate aHf an 
electrode with a special electrolyte, as in the case of the formed 
plates, these pasted plates have the included pellets of paste 
brought into a suitable spongy state and making good cpntact 
* with the lead framework. Some forms of the plated used in 
lead accumulators are shown in Fig. 88. • 

The plates should bo supported above the bottom of the 
container so as to avoid the risk of short-circuiting being 
caused by loose pieces of paste falling off the plates. There 
should be enough acid in the electrolyte in the cell to keep the 
strength of the solution from falling too low at the end of the 
discharge, and the solution should not be too strong when 
the cell is fully charged, as the cell will not hold its charge so 
well, and when discharged is more liable to sulphate. This 
requires a certain bulk of clectrcflyte. The plates arc arranged 
alternately positive and negative, and are kept apart by 
insulating rods or porous separators. The capacity of the cell 
in ampere hours is proportional to the total active area of 
either set of plates. In a stationary battery, where weight is not 
a consideration, the containers an; made ample in volume and 
the plates are $tout to prevent buckling. On the other hand, 
in portable cells the ideal conditions are sacrificed to save 
weight and space. Only a small space is left below the plates 
for the accumulation of sludge, the plates are much lighter in 
construction, and the voluifie of the electrolyte .is reduced, 
but*it hf more concentrated, giving a slightly higher e.m.f. 
The lift of portable cells is thus not so long as that of the 
stationary pattern. However, with careful treatment, they 
provide much better service tharaprirtiary cull^s at a very much 
lower cost. Typical charge and discharge curves are shown in 
Fig. 87. • • * 

(b) The Niokel-irot? Alkaline Cell. A noth or typ? of 
cell jvas sii^gesteil by Plante, but was not satisfactorily 
developed into, a practical form until Edison jjuccdbded in # 
devising his cell. He used Mie hydroxides of nickel in pockets 
in the positive glate and hydroxide of iron in pockets in the 
negativo plate. The plates are of nickel steel pierjed with 
small h#les to allow the electrolyte td reach ^he pastes, and 
the electrolyte is caustic'potash solution (KQH). The electro* 
motive force wb5n charged is 1*4-1-6 volts, falling gradually 
to 1*2 Volts during discharge. *The cells are much used in 
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elefctrio traction as they are not affected by mechanical shocks 
and vibration. The»e.m.f. is not so constant during discharge 
as tjpt of the lead accumulator. One of their great advantages 
is thijir ability to stand up to heavy charging rates. This 
makes iV, possible to give a useful boosting charge during a 11 




8‘i. 


Chaims is 


\XI) DlSC'llAIMSK CVllVKH OL<' Ni-Fk 
A cer mi;cato it 


short interval of duty, e.g. a meal hour. It is not safe to do 
this with liiad accumulators, and this property is therefore a 
strong point in favour of the nickel-iron cell for electric 
vehicles. Charge and discharge curves are shown in Pig.*89. 


EXPERIMENTS 

ON THE SC EJECT OF CHAPTER V 

1. Connect, up a circi it ns in Fig. 84, using in tho cell C two copper 
plates, uijd, for tt*A' liq ml, distilled water. Moasurn tho current and 
p.d. 4 Replace tho distilled water liy a solution of any salt or acid, and 
repeat the inonsuromon s. Observe tho actions at< tlto plates. 

2. Connect up a circuit as in Fig. 84, so as to pats a current, measured 
by the aramotor A, through tho copper i ulphuto solution C. Tho 
eleetrodoc are' cloan copper plates 8 or 4 in. square, which have boon 
weighed dry. Measure the p.d. botwoon the plates by tho voltmeter V 
of high resistance. Pass a steady current of about 1 A. for 20 min. 
and moasuro tho incroaso *>f weight of the cathode and decrease of 
weight of Yhe anode. Repeat for another value of tho current. Calculate 
the copper deposited por coulomb. 

- 3. Continuing C4pt r 2, take readings of A and y. for as wide a range 
of current as possible. Plot a graph of the readings.* What deductions 
can be,mode from the graph ? 
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4. Kopeat tlfe experiments using platinum cdeetrodos in dilute arid 
i n the eloctrolytie cell along with arrangements to eel loot and measure 

"tho volume,of the gas. Compare the graph of *1 and 1' ifith that 
obtained in Experiment 3. .What deductions can ho made? t 

5. After running the gits voltameter for some time, open the swjtch 
aftol observe the behaviour of the voltmeter. What is the explication 
of Miis ? 

6. Construct a simple cell with plates of copper and zinc in dilute 
acid. Connect in a circuit, as liig. A. Observe the reading^ of A 
and V and how they vary with time, opening the switch for a second 
or two every,minute to read F with open circuit. Obtain the e.in.f. and 
resistance of tho coll from4-1 in mulings, and plot graphs of E and r on a 
tmio base. Exjilain the graph.-*. 

7. Repeat* using zinc ami carbon plates. 

S. Repoat, using zinc ami carbon plates in a solution containing 
chromic and sulphuric acids. 

0. Test a Daniel] cell in this manner. 

10. Repeat for a heclum-he cell aml^for a dry cell. o.g. flash lamp 
buttery. 

11. Connect up a circuit as iri Fiy* SI, using for tins electrol\Iic cell 
two lead plates in dilute sulphuric acid. I'sing a d.o. source of about 


R s 



Fig! A 


•4 V., solid if steady current of about ! A. through tho cell. Note tho 
readings of F each minute. W)i#n tho cell has been running on charge 
for 24) min. or so. opon the switch unj reconnect it as in Fig. A. 
Read tho voltinolor ouch minute until tho coll is discharged when 
supplying a current about half the cJiarginjV curront. % , 

12. Pluco a solution of copper sulphate in a thermos flask. Road 
the temperature hv*a thermometer divided in j*, deg. Drop tn uboift 
1 g. of zyic dust find measure tho rise of temporaturo. By moans of a 
heating coil suppliod with a "measured current, raise tho tompeaaturo 
a similar amount. Calculate tho joules = watt-sec. required t® give 
the sariVo boating as 1 g. zinc. Calculate the joules available from tho 
electro chemical oqimjalonl of zinc 0-001X131) g. por coulomb. Compare 

•with e.m.f. of Damoll cell. # , , 

13. Comoro tho o.m.f#s of colls by means o£a potentiometer? 

. 14. Calibrate a voltmeter against a standard cell by means of a 
potentiometer. m . , • 

15. Use a potentiometer to measuro the p.d.’s at tho terminals of 
a cell when open circuited and when supplying a measurod cuijron^ or 



176 


FOUNDATIONS OF TECHNICAL ELECTRICITY 
c 


when connected to a known resistance. Deduce the internal resistance 
of the coll and its o.m.f. 


16. Calibrate an *ummeter against a standard cell by means of a 
potentiometer. '' * 


EXERCISES ' 


1. From tho following data calculate the e.m.f. of a Daniell cell. 

Electro-chemical equivalent of zinc, 0-000330 g. per coulomb. 

Ho?.t evolved when 1 g. zinc dust is stirred in copper sulphate 

solution, depositing copper — 773 cal. (1*10 V.) 

2. The resistance of a fault to earth on a telegraph lino is found to 

be greator when tho leakage current through tho fault is in one direction 
than whon it is roversod. Explain this. Which direction of the current 
should increase the resistance of tho fault? (Ear,h to line.) 

3. Calculate the weight of load which is used on the negative platos 

of a lead accumulator for a charge of 40 Ah. (156 g.) 

4. Calculate tho volume of mercury depositod por ampere hour m 

a mercury oloctrolytic ampere hour motor. (0*275 cm 3 .) 

5. What rules should bo obsorved in order to maintain a battery of 

lead accumulators in condition ? Clive the reason for each procaution, 
and stato tho consoquonces of neglect. (See p. 170.) 



.CHAPTER VI 

THE ELECTRON THEORY 


1. In the first chapter it was stated that the chemical action 
produced by the passage* of an electric current through a 
solution if* proportional to the total quantity of electricity 
which has passed. This implies that each atom of a metal, 
copper, for example, carries the same charge of electricity. 
Furthermore, the charges carried by an atom of hydrogen or 
of silver, sodium, potassium or chlorine are all found to be 
identical in size; and the charges carried by atoms of copper, 
zinc, cadmium, mercury, and many other atoms are each 
double that size. Similarly, tyiother set of atoms carry a 
charge which is three* times the charge of a hydrogen atom. 
This charge seems to be a natural unit and no fractions of it 
• appear to occur. Electricity is therefore seen to exist in grains 
of a definite size. The same conclusion is to be drawn from a 
study of the conduction of electricity in gases. It is possible 
to test these conclusions very thoroughly because each atom 
or ion, carrying its charge with it in its motion, carries, so 
to speak, a label by which it can be identified, and its point 
of departure and its ultimate testing place can be traced by 
the charges lost and gained. A comparison of these charges 
with the amount of'material lost or collected gives a direct 
measure of the charge carried by each ion on its journey. 

2. Constitution of the Atom. .Tho conclusion to which 
scientists have been led bV a stjwdy of all the jrhenomena can 
be stated simply: each atom is made up of a Core or rfueleus 
which has a positive charge# Round this core there circulates 
a systepi of negatively charged particles, each having the same 
charge; this change is tile same as that on a liydrogc^i ion. 
Thesti particles are called electrons. The charge on The Central 
core of the atom is equal and opposite to the sum of the charges 
of the electrons which ard circulating roujid it, so that the atom 
as a whole is neutral*. The atoms of different'dements differ 
from one another in the clfhrge on the central gore, and there¬ 
fore in the numbqj*of electrons'which are in* circulation in tho 
■outer parts of the atom. The behaviour of the atom towards 
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others depends on these; outer electrons, as the inner -f- and — 
charges of the atoms neutralize each others’ effects to a great 
extent. The outmost electrons may thus,, in the erse of some 
attorns, be only held very loosely. When a large number of 
such atoms are together, as they must be electrically neutral, 
the full complement- of electrons must be present. The out¬ 
most electrons are then not firmly linked each to its own atom, 
and they may drift easily from due ktom to another. A material 
of this constitution would be a conductor of electricity. The 
atoms, also, would tend to form positive ions. These two 
properties we have seen are general properties of metals. 
When in the solid state metals are good conductors', 1 and when 
the atoms are separated from one another, as in solution, they 
form positively charged particles ions and move towards 
the; cathode when an electric: field is applied to the solution. 
The charge on one of these ions depends on how manv electrons 
are easily lost from the out-sine of an atom; There mav be a 
surplus of one unit charge*, equal to the negative charge on an 
electron, but positive, or there may he two such charges, or 
in some cases three or more. But the charge on an ion must 
always he a multiple of the basic unit.. This theory of the 
constitution of metals agrees then perfectly with the known 
laws of electrolysis, as well as explaining the high conductivity 
of metals in hulk. Nori-metalJio elements consist then of 
atoms which do not easily lose electrons from their outer parts. 
They should therefore be insulators, and, in fact, they are 
generally very poor conductors. There are some borderline 
elements: carbon, silicon, boron, tellurium arc examples; 
which conduct to a greater or loss extent. They are explained 
naturally as having atoms which hold to their outer electrons 
with different'degrees oi obstinacy. In the case of carbon the 
freedom of movement depends large ly on the manner in which 
the; atoms are built together to form the* solid. The eliamond is 
quite a gooel insulator. Charcoal i" a very poor conductor 
whose- properties depenel very much on the manner in which 
its preparation has been e:arrie;d out. Graphite is quite a good 
conductor, though it is far short of peassessing the conductivity 
of a metal. It is to he expected, if this theory qt the con¬ 
stitution of materials is a fair picture of the real state of things, 
that if wo apply to an insulator a gradually'increasing potential 
difference we shall arrive r.t a stage when the field is strong 
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enough to pftll the outer electrons away from the atoms t» 
.which they belong, and thus to force a current thrqpgh the 
material, 'file breakdown of the* insidatiou may bo sudden or 
gradual according to g the particular circumstances. This / is 
found to be the ease in fact, and Tahiti IV on page 4b gives 
tli? value of tin* dielectric, strength for somy typical insulators. 
The theory is satisfactory, therefore, in the case of insulators 
also as far as it goes. # • 

The formation of compounds by the combination of atoms 
of different kinds is also in accordance with these ideas. To 
take a simple ease, the metal sodium is made of atoms which 
form ions naving a single positive ebarge. Chlorine is a non- 
metal whose atoms can take on an electron in addition to the 
number required to balance the positive charge on the core: 
it thus naturally forms negative ions possessing a .-ingle nega¬ 
tive charge'. These two ions combine together to form the 
compound sodium chloride, wfiich is neutral and non-con¬ 
ducting in the solid stab', having no free electrons. In solution 
•however the two ions become separated from one another by 
the jostling of the molecules of the water, and the solution 
becomes a conductor of electricity, as it contains positively 
and neg.iti\ely charged particles free to move as the electric 
field directs. The conductivity of the solution is proportional 
to the amount of salt dissolved, until the concentration is such 
that thfe ions an* so mimerou* that they interfere with one 
anothhr's freedom. *Tlie conductivity at this stage does not 
increase ip proportion to the concentration but at a less rate. 

3. Temperature Effects. .When a substance is heated the 
amount of energy of tlu* molecule^ is increased. This energy 
is mainly in the form of Kinetic; energy of motion- the mole¬ 
cules arc in a state of vibration about their •rest positions. 
Tie* agitation is-increase* f by a rise* of temperature, y,nd tills 
has an.effect An thd’.eleetrieal conductivity. In the ease of a 
metal there* is ncj increase in the number of conducting par¬ 
ticles. but the increased movement of the atoms hampers the 
movement of the electrons a* they thread their way among 
them. The resistance of the metal,increases as the temperature 
rises. In^the case of* a poor insulator the outer* (dectrons are 
t>nly moderately firmly held, and the increased jostling 
loosens some of tlj&n and so improves the eAnductivity of the 
•material. * The increase in the number of carriers move than 
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balances the increaso in the obstruction to the traffic due to 
the vibration of ^he stationary molecules. In consequence a, 
rise of temperature decreases in general the insulating quality 
off'a material. As the passage of the leakage current heats the 
pat*h along which it flows the breakdown of the insulation <ls 
cumulative in its effects. The temperature may rise and the 
conductivity increase until the insulation is destroyed. This 
reduction of insulating quality with rise of temperature is a 
general property of all substances and no material exists which 
will not conduct quite well at a temperature of 2 000° C. 

4. Contact Potential Difference. A metal is a conductor 
because its atoms do not hold their full allowance hf electrons 
firmly, although there is some attraction between them. This 
attraction varies with the metal, some metallic atoms having a 
greater attraction than others. If two different metals are 
placed in contact this difference in attraction for electrons 
shows itself by the setting up of a potential difference; some 
of the loosely held electrons transfer themselves from one 
metal to the other. This effect was first discovered by Volta- 
140 years ago. As it was very difficult to show that this 
potential difference really existed and that no other explana¬ 
tion of the effects would do, it is only recently that it has been 
finally settled that Volta was right and that two metals in 
contact take up different potentials. When different metals 
are joined in a complete circuit, with no e.m.f. included, all 
the potential sleeps at the junctions of the metals balance out, 
there is no resultant e.m.f. in the circuit, and no current flows. 
This is one of the difficulties in the demonstration of the effect; 
however, if all the circuit qf metals is not at the same tempera¬ 
ture there is dn e.m.f. in tlie circuit'. This is explained by the 
fact that the "relation between the atom and the outer con¬ 
ductivity electrons is changed-- by temperature, or more 
definitely by the difference in the energy of vibration of the 
atonu. The potential difference between two metals at their 
junction will then depend on the temperature there, and if all 
the junctions are not at the same temperature the potential 
steps will not all balance out. There 1 arc iff addition potential 
differences set up in a piece of u liform metal if it i? not all at 
the same temperature. In a complete circuit these phenomena 
give rise to what 'is known as thermo-eleclrdlnotive forces. These 
are well known and have been used for a long time for the 
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measurement of temperature. The contact potential difference 
also has to be taken into account in some electric measure¬ 
ments. F,pr instance, electrostatic voltmeters are generally 
made with brass quadrants and aluminium “needles.” The 
contact potential difference between these electrodes, is* not 
the same when the needle is connected to the positive side of 
the p.d. to be measured as when it is connected to the negative 
side. The deflection observed *ls not the same in the tw» cases 
on this account. Therefore for the measurement of steady 
p.d.’s care must be taken to keep thsyt electrode positive which 
was positive during calibration. For the measurement of a.c. 
potential!# this effect is eliminated because the alternations 
cause the reading to be; the mean of the two obtained by 
reversing the connections of a d.c. potential difference of the 
same effective value. To link up the d.c. and the a.e. cali¬ 
brations, therefore, readings must be taken with the d.c. 
potential difference connected both ways, and the mean of the 
two readings taken to compare with the a.c. reading. This 
precaution only applies to low-reading instruments as the 
contact p.d. is only of the order of a volt or so. 

5. ^Metallic Conduction. It is worth while to edusfder the 


manner in which a metal conducts electricity. The atoms of 
the metal fofm a framework by their mutual attractive forces 


which hold them in fixed relative positions. The outermost 
electrons of an atom are not^nuch further from the cores of 


the neighhpuring atpms than they are from thetr owif, and they 
experience some attraction from them. Jn consequence they 
•are practically in neutral, equilibrium and are not draw r n 
specially in any particular direction., Any outside force can 
make them move as it directs. the lixed lnftncwork of the 
atoms has a positive charge equal ajid opposite to the* charge 
of the loose electrons, and.equal to the charge wliiyh wopld 
be jecyiired t# deposit the atoms in electrolysis. One coulomb 
of electricity would deposit 0-000329 g. of copper of density 
8-9 3 . per cm . 3 "This implies that the charge orf the* atoms 
forming the framework of 0-09003^ cm . 3 of copper is l coulomb. 
The charge on th<5 loose»cleetrons in the same volume must be 
equal to # this, e.g. 1 . coulomb. The current is carried* by the 
• drifting of these electrons through the space.* between the 
atoms. If the cuwent density is 1 ampere per mm . 2 then in 1 
, 1 sec. the electrons drift a distance of 0-0037 cm. A n^vement 
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of 1 cm. requires nearly 5 min. This is quite a different 
matter the rate at which an electric disturbance is pro¬ 
pagated along a wire. If a battery is suddenly switched into a 
circuit, electrons are drained from the r wire at the positive 
terihiivil and are fed into it at the negative terminal. Thk, 
destroys the balance of equal and opposite charges in the wive, 
and the charges are equalized along it by an easing-olf of the 
electrons from the negative end towards the positive end. Each 
one only moves a very short distance, but as the lield pro¬ 
duced by a very small .amount of free charge is relatively 
enormous the operation of equalization is carried out in a 
very short space of time. The speed with which tine distur¬ 
bance is signalled along the wire approaches the velocity of 
light—300 km. per sec. The column of electrons in a wire 
behaves like an incompressible fluid in a pipe filled with sand. 
As fluid is pushed in at one end an equal amount leaves at the 
other, practically instantaneously. It may take a long time, 
however, for an individual particle to traverse the pipe. The 
law of friction is the same for the electricity as for the fluid 
in the pipe filled with sand : the drop of pressure in any given 
length is proportional to the amount passing per second. 
That is, Ohm’s law is the law of friction of a fluid in such a pipe. 

As the flow of a current along a conductor is really the flow 
of a stream of particles, the elementary current which should 
be considered is the motion of a,single charged particle;. Such 
a particle' moving at right angles across ji magnetic field is 
acted on by a force at right angles to the direction of the Hux 
in the field and to the direction _of motion of the particle. 
The strength of the force is equal to IIc F/10 fl dynes. * A con¬ 
ductor which is moving across a magnetic field, the flux in 
which in at right* angles tojts length, is carrying electric charges 
with it ip its motion. If the direction of motion of the conduc¬ 
tor is at right angles to the flux there is a* force* on each unit 
of charge in the wire equal to » 

* IIV/ 10 s dynes, 

and the work done by this force in moving 1 coulomb along a 
length / of the conductor is 

IIVI jovlesu 

Now joules per coulomb give® the measuve of the e.m.f. in 
■ *e — charge of electroA — 1-591 X 10~ 19 coulomb? 
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volts. This is tli6 law of the electromotive force induced in a 
conductor moving across a magnetic field, deduced from thfc 
i law of force on a charge moving in a magnetic held. • 

(i. Magrifetism. 'She electron theory of the constitution of 
matter gives a direct explanation of the existence of magiy^ts. 
C/ver a century ago Ampere suggested that the magnetism of 
ir<7n was due. to little currents circulating in the atoms. 
According to the electron theqry the electrons are. circulating 
around the central positively charged nucleus; thus they 
provide the little atomic ‘currents of Ampere. An electron 
travelling round an or hit is easily se^n to be equivalent mag¬ 
netically to a current flowing round the line of the orbit. It 
would thus be the source* of a magnetic flux permanently linked 
with the a-torn. This would have, in consequence, a magnetic 
moment. The problem is: why are not all atoms magnetic ? 
The answer is that as in general the electrons are. not all cir¬ 
culating in the same direction iy the atom, the resultant mag¬ 
netic moment is generally negligible as the orbits tend to pair 
off and thus cancel each other’s effects. Only in a few excep¬ 
tional cases is this balance incomplete. If an atom were placed 
in a field of magnetic flux the motions of the electrons yi their 
orbits would be effected by the flux and tin*, orbit would tend; 
to turn roun<J and change, in size so as to keep the flux linked 
with the orbit constant. The effect of a large number of such 
atoms forming a piece, of material would be to make the flux 
density* in the space occupied* by the matter the syrne as it 
would havfc been if the matter were not there. In the excep¬ 
tional cartes of the magnetic elements there is some hindrance* 
to this automatic adjustment of the orbits and this product's 
their magnetic qualities. In the other‘cases thj*re is merely a 
t race of the property which causes .sometimes a very slight, 
increase of the resultant flux, and* in other!? a very* slight 
decrease. These* elements* are termed jHiramagnotic afld 
diamagnetic lVspectlvely. Some metals which arc nearly 
related to the magnetic facials, iron, nickel and cobalt*show 
similar magnetic behaviour to them in some of tneir alloys. 
Thus the metal manganese when alloyed with silver or one or 
two other metals i§ magnetic like iron. This property was: 
first discovered by Bfcussler in some alloys of manganese with 
‘copper and aluminium. * , • • 

7. Emission o£» Electrons. The electrons* which can move. 
* 13—(T.49) 20 pp. 1 • 
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freely in the interior of a metal do not escape from the sur¬ 
face unless there is some agent to assist their passage through 
it. The}- can movt about inside because they are pulled equally- 
in all directions by the positively charged nuclei "all around 
theyn, but to get out requires work to be done against this 
at tradcion. This work can be supplied in different ways, anil 
three of these are of practical importance technically. They 
are thermionic emission, photo-electric emission, and emission 
due to the arrival of a high velocity electron or positive ion 
(secondary emission). These phenomena are best studied in 
a vacuum as the air or'* other gas prdsent would hinder the 
motion of the electrons, as well as adding another complication 
due to the fact that when an election is moving sufficiently fast 
through a gas and impinges on an atom it may ionize it, that 
is, it may break up the atom into a positive ion and an elec¬ 
tron. This ionization of the gas masks the passage of the 
electrons from the surface up less the pressure of the gas is 
very low, so that the ionization can be ignored. 

(i) Photo-electric Emission. This will be considered 
first as it is the simplest to describe. If a glass bulb is pumped 
to as high a vacuum as possible after there have been -sealed 
into it two electrodes of suitable metals, and one of the elec¬ 


trodes is illuminated by a beam of light, it will be found that 

a discharge of negative electricity can be obtained from the 

illuminated electrode. If the p.d. between the electrodes is 

sufficient to cause all the electrons emitted to be carried across 
11 t 

to the other electrode, the current will be found to'be propor¬ 
tional to the intensity of the light beam. The size of the current 
will depend mainly on two things: the metal of which the 
illuminated elect-ode is composed and the colour or wavelength 
of the light, the most .sensitive metals are those which are 
most 'electropositive. Photo-electric cells have been con¬ 


structed whose, sensitiveness 
from that of the normal eye ; 


to Colour is not very different 
these are used in lamp factories 


in the inspection of the completed lamps. Another type is 


used in sound film work. Othern which are sensitive to rays 


which an invisible to the oye can be employed to detect the 


passage of unauthorized persons. These cells have also been 
used to operate relays to switch on and off a lighting system 
according to cbo brightness of the light from the sky. If this 
is below a certain standard, the lights ar£ switched on and 
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when the lighting is no longer needed they are switched ol£. 
A considerable economy is obtained as the lights are never 
• on spo long, and they come on automatically in an emergency 
such as a fog, without the employment of a special staff. 
JJhoto-electrie cells an? of two types, vacuum and (/as-Ji’/nf. 
Jhjjth types have the same electrodes but the vacuum cells 
are pumped out to as high a vacuum as •possible. The pas¬ 
sage of electricity between the*eleet rodes consists solely pf the 
electrons liberated from the anode. In the gas-filled cells 
some gas is allowed to remain in the hull). When electrons 
are set free from the anode they are accelerated bv the electric 
field between the electrodes and ionize by collision the gas 
through which they pass. The number of carriers is thus 
increased and a larger current passes through the cell than that 
due merely to the liberated electrons. The gas-filled type, 
while more sensitive than the vacuum type, cannot stand such 
a high p.d. without flashing ov#r. 

(ii) Secondary Emission, dust as an atom of a gas is 
ionized by the impact of an electron or ion if it arrives with 
'sufficient energy, so the surface of a metal emits electrons 
ijndcrffhe bombardment of electrons. The incident electrons 
provide the enc.*gy needed to get the contained electrons 
through the surface. If an electric held is maintained between 
two electrodes in a space filled with a gas at low pressure, a 
steady tjiseharge may he maintained in the following manner. 
An electron moving towards flic anode, driven by 4die field, 
will ionize &n atom tyith which it collides if the field is suffi¬ 
ciently intense, This provides two elections, instead of one 
and a positive ion. These hioving in obedience to the field 
produce further ions and plectrons*by collision § and the con¬ 
ductivity of the space is bight To* maintaii^ this state of 
affairs a supply of electrons entering the space is required. 
Thi.' is provided tfy tjie impact of positive ions on the Cathode 
productig a secondary ehiission of electrons. The discharge 
is thus able to provide the condition for its own maintenance 
if the"potential difference* is grCat enough. There is a difficulty 
about starting the •discharge, Ibut ftnee started the discharge 
is kept going. The striking potential difference ig higher than 
the running potential difTerence. Gas 'discharge tubes are 
widely used for illuminated signs and for street lighting. To 
avoid the # necessity for a high p.d. to start the discharge; a 
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{located filament is often used to provide the initial supply of 
electrons. 

Thermionic Emission. The energy needed to gjet the elec-* 
trons through the surface of a metal into the space outside 
cari be drawn from the heat energy of the metal itself if it 
at a sufficiently high temperature. This emission was in fact 
the first cast* to bd observed and studied. The emission may 
reach a very high value amounting to some amperes per 
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square centimetre. It increases very rapidly with rise of 
temperature anti, conversely, decreases very rapidly with fall 
of temperature, becoming quite negligible at ordinary tem¬ 
peratures. The emission varies°greatly from different materials, 
and also with the state of contamination- of the surface. The 
oxides of the alkaline earth metals are found to give a very 
high emission if they are placet! on a heated surface, thus 
forming what aw calk'll Wt hnclt cathodes, after their discoverer. 
One of these metals is thorium, and it was found that if a 
tungsten wire was alloyed with thorium sufficient electrons 
were obtained from it at a much 1 lower temperature than was 
possible from a pure tungsten wire. 1 The pure'tungsten needs 
to be heated so as to glow brightly before the emission is great 
enough to be of use. The filaments used are therefore wlassed 
as bright emitters and dull emitters, which may be coated or 
thoriated filaments. -'Lately for small discharge tubes an elec¬ 
trode of the" oxides of earth metals h&s been used which is 
heated indirectly by* a wire through which an electric current 
is passed. This construction avoids some- difficulties in use 
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which arose from the potential drop along the filament who* 
• heated directly by a current. # t 

When ohe of these electrodes capable of emitting electrons 
is enclosed in an evaluated bulb with another electrode jwv 
ftave a diode. Jf the second electrode is at a negative potential 
wifh respect tej tlie emitter, no current cary pass, for there are 
no carriers available to convey it across the space. The elec¬ 
trons are driven back on th # c electrode from which thev t;ame. 



Neqattve Positive 

Gr/d Potential 

Kio. 91. Titioni^CirAit \ctkiustick 


• | t 

If the second electrode is positive, however, a current can and 
does pass* across. The electrons are drawn away from their 
parent electrode and carry the current to the anode. This 
arrangement acts as a rectifier if ad alternatively).d. is applied 
between the two electrodes. Tlie curVuit depends on t|je p.d. 
be! ween the electrodes. All ^he electtfons emitted do not travel 
across to the anode •because they are hampered by tfie other 
electrons which are between them and that electrode. ^These 
being negatively dharged repel their followers back towards the 
catho'de and some return to iV Only if the j).d. is sufficiently 
high do all the emitted iclcctrons 'travel across. The current 
then has its largest* possible valfie, kn<5wn a^ $he saturation 
current. Now if another electrode is 'placed jn the space 
between the other# two its potential inaj* Be adjuste< l to 
help or to hindei* the passage of^the electrons across. This 
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forms the three electrode valve or triode. The nfline “valve’' 
was givpn to thq arrangement of electrodes in a vacuum 
because the current could only pass one* way. ft is found 
tlnlj , so far as the current to the apode is concerned, a 
given change of potential of this control electrode or grid 
has the same effect as a much larger change in flic 
potential of the anode. The ( ratio of the two changes of 
potential which give the same change of current is called the 
amplification factor of the valve. This quantity is ,a measure 
of the effectiveness of the valve for "amplification of small 
potential differences. The variation of the current to the 
anode or plate can be best shown on a diagram of the charac- 
leristics of a valve, showing the plate current as dependent on 
the potential of the grid for various fixed values of the potential 
of tlie plate. An increase of the plate potential moves the 
characteristic curve as a whole so that the same plate current 
now occurs for a value of grid potential which is Jess than the 
previous value by a fixed amount. The ratio of the change in 
plate potential to the corresponding change in grid potential is 
the amplification factor. The slope of the curves in the straight 
part gives the m utual conductance of the valve. It is the change 
of the plate current for one volt change in potential of the 
grid. Tt is generally stated in milliamperes per volt. Modern 
valves are pumped out to the greatest vacuum obtainable, 
as it is found that traces of gas-render the characteristics of a 
valve unstable and variable. Gas-filled rectifiers ace however 
used as they are capable of dealing with heavier currents than 
the vacuum type with smaller energy losses owing to the 
smaller potential; drop across the electrodes. Of this type are 
the mercury ate rectifiers ; whiejh have been made up to sizes 
which-can deal with large numbers of kilowatts. These are 
diodes. ,The three-electrode type, in which the passage of the 
discharge can be forbidden or allowed by the third electrode 
has al.no been much developed for a variety of purposes under 
the mime <>f thyratron or gas relay. , 

Valves with many electrodes have been designed and used, 
but the principles of, their operation are fundamentally the 
same as those of the triode. - <1 



APPENDIX ON UNITS 

(Mainly for Teachers) * 

The intelligent student is s*iro«to ask about the units used for 
current and potential difference, and it is as well to summarize 
the situation and show, how the way in which the subject has 
been developed in this book may be linked up with the historic 
or classical method. 

The definitions of the units of current and p.d. given in the 
first chapter are the International definitions and appear to 
be quite arbitrary. Yet it appears in Chapter Ill that, the 
force on a conductor in a magnetic field is llllj 10 dynes, a 
nice even number. Why is thin? While on the other hand, 
tlie capacitance of a parallel plate condenser is 


* Aj{±TTd X SI X 10 11 ) farads 

• The*fact is, of course, that, nothing really is known of elec¬ 
tricity except its*effects, and the only fundamental units are 
those of length, mass and time. 

In the book the fundamental relationships of electro¬ 
magnetics are that field strength is proportional to AY//, and 
that the fojee on a current is proportional to till. These are 
regarded as being established experimentally (Chap. 111). 
There is also the purely electrical relationship that the work 
done in moving electricity is proportional to VQ ((’hap. I). 
Let the constants of pr©portion;ility in thff»* fundamental 
relationships be l\, k 2 and k 3 as*follojs— * 

• kiNI/l * 


y 


kJIIl 


W =--= fyVQ 

• • 

• « 

From these the induced e.m.f. equation follows (Chap. IV). 
If a conductor is moved a distance dx irf a magnetic field and 
in consequence a ciyront / flows under an induced e.m.f. E, 

. * Fdx — k 2 Hlldx p k 3 EIdt 

. * 

ISO 
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ift the work equation, appearing because Idt =1= Q and E is 
measured in the same units as V. From this 

,, lc,dHA k„ </<!>' ' 

V £ _ — - f .. 

X c A,’ n (It CU r 

where A -- lx ~= arpa swept through. " 

k v k 2 and can be given any, values in building up a system 
•of units. Soino limitation will however be imposed if force 
and work arc to be measured in 4’ell recognized mechanical 
units. A starting point ft defined by deciding that force is to 
be measured in dynes and work in ergs. 

The total llux in a long, thin solenoid of N l turns, length l y 
cm., area a cm. 2 and carrying current I x is 

<I> - - ^ }— 1 a lines 


and the field strength at a pbint P distance r cm. from the 
end is 

/• V/ 

if ** L * 1 l‘ I) 

//., — . a lines per cm. 2 

47tt- I , 

i 

r being larges compared with the thickness of the solenoid but 
small compared with its length. The force on a. conductor of 
length 1 2 cm. carrying a current / a at right-angles to the field 
at P is 

• . ^ p ” i. 


&1&2 ?2 r r 

4 v pj: ii/a 


*_*•,*, iVaJ, 

„'l 

Nit»w mq,ko Na/l v h and r each unity, and = / 2 = /, then 


«;■ 


F p = ^ l - a P dynes. 


H 

From this expression / can bo defined electromagnet!cally, in 
terms of a force produced. The product of the constants 
Jc 1 and k 2 is fimvd. . ' < 

In the system of units used in the book, which is the 
International or Practical system, r = 1/100, so that 

F 2 = / 2 /100, or unit current is that current which, flowing 
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in a long “unit” solenoid (i.e. one having the product turns 
per centimetre times cross-sectional area equal to unity) and 
in a conductor of one centimetre length situated ohe centi¬ 
metre distant from one end normal to the field, experiences 
force of one hundredth of a dyne. This current is called an 
ampere ; the amount of silver deposited in unit time by this 
current, used*at the outset to define it,'can be determined 
experimentally- - • • 

In the practical systcyi also, k 2 is mode 1/10, so that 
F — IlllfU) dynes. kjc 2 and k 2 are fixed tlierefore quite arbi¬ 
trarily, but so as to make the forces arising “nice round 
numbers.’* k l follows 

kJcJAnr = 1/100; k 2 1/10 
= 47t/10 


ft 


Current and field strength are noV defined. Potential ditt'er- 
ence is defined as the work done when unit quantity Hows, 
and the unit of work is taken as the joule in the practical 
system. Thus, since a joule is 10 7 ergs, 


and 


I0 7 


kn iH I> 

m 

k 2 di 


lo 


rZ<|) 

dt 


'This unit is called the volt , and it is in terms of this definition 
that the e m.f. of the standard yell used for the initial definition 
is found. „ • • 

1 I 

• There *is another system of electromagnetic units known 
as* the absolute or e.g.s. (cfcntimetre-gramme-second) system. 
In this jfc t .= 47 t, ko — 1 aqd k :i !• Uifit eurrwrvt is 10 amperes, 
and unit p.d. or e.m.f. is 10~ 8 volt; it follows ^hat the unit of 
resistance is 10~ 9 ohms. # This absoUito system is userf in the 
classical theory. * • • * 

In the classical tlfeorjj of electromagnetism, the starting-ofi‘ 
point is the force between two magnetic “ charges ” pallet/ pohu. 
The Inverse square law relatihg to the force between two poles 
is stated and proved experimentally, and unit pole strength 
is defined as that pole which at«a distance of one centimetre 
.from an*equal pole experiences a forefc of one dyne. Then 
unit field strength,is dofined ag that field in winch a unit pole. 
will experience af force of one dyne. Finally, unit current is 


I 3 A—(T.49) 



192 


FOUNDATIONS OF TECHNICAL *iLECTRICITY 


defined as that current which, flowing in one centimetre length 
oY the arc of a circle of one centimetre radius, produces unit 
field strength at thf*. centre of the circle. Using these definitions 
and using also Ampere's law and Biot an(l Savart s law% the 
vvhNle of the results arrived at in Chapters HE and IV arc 
obtained. Ampere’s law (sometimes attributed to Laplace) 
states that the contribution of the current df in a filament 
ACB yf length dl to the magnetic* field at P, distant r from 
the centre ( 1 of the filament, the aiygle PC A being 0 , is 

dlf r df M.nnOIr* 

the direction of the field being at right-angles to the plane 
containing P and ACB. 

Biot and Havart’s law states that the filament ACB if 
situated in a field H experiences a mechanical force 

dF - •IfdPdl .sin 0 

at right-angles to the plane containing the filament. 

The argument of the book will be completely linked up 
with that of the classical theory if the field at the centre of a 

\-dl' 




i 

Fence, ox Sot,*:void in Umfohm Fiki.d 


circular curronf •carrying conductor can be found. To do this 
it is first necessary to show thrtl the force on the end of a long 
solenoid situated in a field of strength If and direction along 
the axis' of the solenoid is given* by rut/II* w.here n is the 


number of turns per centimetre length of the solenoid and / 
is the current in absolute e.g.s. units. 


Let the lenoid be moved a length dl. Then the work done 
is Fdl and I his must be equal to the ^ r ork estimated from the 
flux cutting the turns'of the'solenoid (Fig: 92). Over a length 
dl the turns cut are lull and the ( aarige of linkages is n .dl .d<t> 
where c/<T> that r part of the .total flux which leaves the 
solenoid in the length dl. Since the current is I, the work 




brv.y 


xmx on rs ITS 


m 


done in the*length dl is nldl.d® and the work done over t|jc 
whole Jengtli of the solenoid, i.o. for a change of 11 ux from <I> to 
* zero is Thus * * 

* • Fdl uMhll 

•find * F - w/<h mi III , f 

which was to 1)0 proved. 

Now let the solenoid current he / t and the current m a 
circular conductor of nufius r situated at the end •of the 
solenoid $s in Fig. 93 bo 7 2 . The field at any point l* on the 
circle due to the curreht in the solenoid i* <!>/I-Trr-, i e. 

• H v nl x ufr- 

aud the force F on the circle is in consequence 
F 27rrl 2 nl l ajr- 
-- (2t i/r)/,/ a w# • 


/, 


3 -r»F 

r& 

\ 

y 

r 

h • 

i 

-* f- 

• 

- 

f 



--— 


X 


Kio. 1W. » Kouee Bktw kion 
'«rT, ano Kmi nr SoLi:\nii> • 
at Ci:vn:i: 


Kh. fH. I**nici 1 ; Bktw i'e\ Con 
v\r» Kmi ok Soi i'miiii 

. ON \\IS 


and since fiction and reaction arc eqiial and opposite, tips must 
be equal to the force on thy cm 1 of tin * solenoid m the field X 
due to the current 4 in the circle. This force is mil 'X and so 

nal{X - (2n/r)f,/.,tm 
or ’• .Y • ('27r/r)I., 

Thus the field strength, at the centre of a circular eurreift of 
unit sadius is 2nl, »pid if the current is’ unity «*yi<i tho.current 
flows only in an are of unit length insteuM of tfirough the whole 
circumference, thc»foree is alsy unity. The.classical definition- 
of unit current Ifas been reached. 
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t Another expression which is arrived at very simply from 
Ampere’s law is that for the field at any point on the line 
drawn through thfe centre of the circle perpendicular to its 
plane. Let (Fig. 04) .r be the distance from the centre to the 
poirit at which the end of a solenoid" is placed. Then they 
force on the circlo will be normal to the line joining P and<# 
and making an angle <j) with the axis, and the component 
in the .direction of the axis will* be. F sin <j>. The component 
tending to move the circle is, sincq, the field at P is 47 
47r(.r 2 i r 2 ), 


F sin (j) ■ - 




,1,1 |(ll *y 
"(.r~ f- 



sin (f> 


tmiwr 2 I X L, 



and if A' is the field at Q clue to the current I 2 in the circle 
F sin 4 i is also na/ l X. 

Thus 


X 


'In 


{■r 1 | r*Y 


/. 


In the classical theory there is another ’system of units 
altogether, the electrostatic e.g.s. system. In this, charge is 
defined from the inverse square law of electric quantity as 
that quantity which at a distance of one cm. from an equal 
quantify experiences a force of one dyne. This, definition 
also determines the definition of unit current (unit quantity per 
second) and p.d. follows bv making k :i — l, i.e. when unit 
quantity is moved between two points where unit p.d. exists, 
the work done i‘s one erg. 

[t is (timid experimentally (or"theoretically in more advanced 
theory) that one coulomb ”— 3 x |0^c.R. unites of quantity, or 
one e.g.s. unit — 3 X 10 10 e.s. e.g.s. units, and •it is of very 
great iptercst that 3 X 10 10 cm. per sec. is the velocity of light. 
It follows, in order that k z shall t be I0 7 in the practical o.m. 
system, thei 300 volts — one e.s, unit of p.d. 

Unit electric field is one in which unit charge experiences a 
force of one dyne. ‘ ' , 

Electric flux density is not, in tuc e.s. system, equal to the 
force on a unit charge, i.e. it is not identical*.vith field strength. 
Instead* one line is taken to arise from every unit charge. 
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Thus a charge* Q units on a small sphere has Q lines spreading 
• out from it, unci at a radius r cm. tlu* ilux (Jensity /> js (JflTrr-. 
Tin* forc<i*/ J on a unit charge is. however, from the definition 
of charge! and froiq the inverse square law, QJr 1 . 'fhus 
P 47t/>; the electric field strength is \n times tJie Ilux 
density. Klewtrie field strength is also measured by the “-lope 
of the p.d.-space, curve. Its, unit in the practical system is 
one volt per cm. * * 

Using e.s. e.g.s. units/if the field strength between the 
plates of a parallel plate condenser charged with Q units is P, 
the flux density being l) — QJA and the p.d. between the 
plates being V — Pd, 

r-:7v \-nlM - iTrQi'IJA) 

and the capacitance in e.s. units hi 

C. — QIY* - Af4nd 


If Q’ is the charge in coulombs and V the p.d. in volts, 
then Q ---- 3 X 10 u Q' and I’ -- 1 ’'/300, and the capacitance in 
. farads is , 


•V Q v Q 

V 3 ; in® 300 r ~~ 1) X 10“ V 


A L 




Arrd 0 


ft)" 


This result was arrived at in Chapter II, from the statement 
that the force in dynes between two charges Q and q eoulomhs 
is ( Qqjr 2 ) X 0 X 10 18 . The Ilux unit, adopted was such that 
from each coulomb 47t X 1) / 10 18 lines prc#ceeded, so that 
field strength (force in dynes on oije coulomb) was njeasured 
b; flux density* If field* strength had been measured by # the 
for< •* jpi dynf*s on ohe e.,s. unit. each coulomb would have given 
rise to It r X 3 X 10 9 lines in order that field strength* should 
he pleasured by Ilux density; and each e.s. unit wo Aid give 
rise to 47r lines. This was d*>ne tp make the treatment of the 
electric and maglictic fields the same. This difference of tin; 
flux fmifc adopted *« the book from thp usual ilux unit of the 
classical theory (one line to each unit charge) shpuld be noted. 

Using the e.s.^xfnit of current and potential, but retaining 

the e.m! unit of field strength, A- and k 2 will each be k reduced 

« 
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by 3 X 10 10 compared with the e.m. e.g.s. system, while k% 
is still unity by definition. The various values of k x , k 2 and k 2 
may be collected together as follows— • r 


—S- -■ 

(.'o/istant 

of 

Proportionality 


KM. Units 

V , 

Practical i ('.(US. 

* • 


KS. Units* 


C.U.S. 


k 


i 



4tt 

ib , 

i 

Ib 

io 7 


4tt 

1 

I 


y < io - 10 
1 x 10- 10 

• w 

1 


* lint, field sLr«-nf»Hi measured in o.in. units. 
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Mining Machinery. By T. Bryson, A K T C , M.I Mm 1*'. 12 (3 

Winning and Working By Prof. Ira C 1*' Stiatli.un, 

B.Eng., I'GS.MI Mm II..21 0 

Mining Science, A Junior Course in. By Henr> G Bishop . 2 t> 

CIVIL ENGINEERING,* BUILDING, ETC. 


Architectural Hygiene; or. Sanitary Science as 
A w’iiED to Buildings By Sir Bannister hh teller, 
M Arch (Ireland), F.S.I., li<nri\lcr-at-Laik , t and Major 
H. Phillips Fletcher, DSO.i P.EJ.BA, FSI., etc. 
Sixth Edition ........ 

Archu'ec tukal Practice and Administration. By H 
' Ingham Ashworth, B A., A R I BA. . . 

Audel's Masons’ JLnd Builders’ (Guides In three volumes 
Hack • . 

Brickwork, Concrete, and Masonry. Kdiled by T. Corklull, 
M.I.Struct E, In eight volumes .... hath 
•Building, Definiiions and I'or^iulae for Si'udi nis By 1. 

Curklull P B.I C C , M l Struct K. . . . • . * . 

Building Educator,* Pit man's. Indited by K C.reenhalgh, 

, A.I.Struct 11. In three volumes. Second Edition 
BMlding Encyci opvedia, \ Concise Compiled bv '!' 

Corkhill, M I Stiuct K. . . ... 

Building, Mechanics of. »By Arthur L> Turner, tA C G B, 

A. M.I.C E.• . • . ■ i ■ 

Engineering Equipment of Building/; By A C. i’allot,* 

B Sc. (Eng ) . • . . * * . . . 

FfaATii, ^Desk.pJ* and IIouivment By II. Ingram Ashworth, 

B. A.: A.K.I 13 A. ’ ,.. t 

Geometry, Contour By Alex. H Jameson, M.St , M lus^.C II. • 
Hydraulics. By E. H. Bewitfc, B.Sc. (Bond.), A M EM.11 

Fourth Edition 


Joinery & Carpentry. Edited by E. Grcenhalgh, A I.Struct Jl. 
In # six volumes *, *. .* ^ ar ^ 

, Painting and Decorating. Edited by ('. 11*. l£aton, F.I B D. 
In six volumes . . . .* . • # . Jiacji 

Plastering. (Reprinted from * Brickwork, (Concrete, and 
Masonry). By W. Verrall, C.K.P. . . . • 
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Civil Engineering, Building, etc.—contd. 

K s . d. 

Plum hi No \nd (j a sfpiTT I no . Edited by Percy ^.Manser, R.P., 

A R.S.l. In seven volumes ..... Each 6 0 

Kkinkorc ko ('oNCRiiTH, Construction in. I/y G. P. Manning, 

M Png , A M I.C.K.7 6 

Reinforced Concrete. By W. Noble Tivelvctrecs, M.I.M 1?'.. 21* 0 

Sect ii- u a i ions i 'or fiuiLuiNi; Works. By \V L. Evershcd, 

K S I. Second Edition . . * « . . . .50 

Structures, This Tiikoky ok By H. W. Coultas, M Sc., 

A M.l Struct. E., A I .Much li. . * . . . 15 0 

Surveying, Advanced By t \lex. II Jameson*,' M Sc ,M Inst.C E. 12 6 

Surveyin’!,, Tutorial Land and Mine By Thomas Bryson 10 6 

Wa 11 < k M \ins, Lay-out of Small. By 11 11 HeWns, 

M Inst C Ii. . . . . . . . . .76 

Water Supply Prohi.kms and Dicvflopmex rs. By \V. H. 

Maxwell, A M Inst C.K Second Kdition . . . 25 0 

Waterworks for Urban and Rural Districts By H. C. 

Adams, M Inst C Ii , M.T.M.VL, F.S.I. Set ond Kdition . 15 0 


MECHANICAL ENGINEERING 


i 

Condenser, The Surface. By B W. Pendred, A.M I.Mech.E. 

Condensing Plant By R. J. Kaula, M.T.E.E., and I. V. 
Rolu’iWin, M I K.K. 

♦Dkfinihons and Formulae for Students -Applied Me* 
c ii a n h s By E. H. Lewitt, B.Sc , AMI Mech.E 

♦Definitions and Kokmui. vk for Students—Heat Engines 
By A Kimmci, B ling Second Edition . . . . 

♦Definitions \nd Kormuluc for .Students Marine Enci- 
neerin’C.. By E. Wood, B.Sc . 

En(.inkering Educator, Pitman's* Editcfl by W J. 
Kearton, D ling., M I Mech.E., A.M.lnst.N.A. In thioe 
volumes Second Edition ...... 

* Ii n g L n f. i*. r i Nt«, Introduction to By R. W. J. Fryer, B Sc 
(ling.), A M ISIech.E , A M.'i.A.K. . . . 

♦Engineering Silence 1 ix p rt mk?j tal. By Nelson Ilarwood, 


B.Su., A.M.l.Mech.E. • 

Kijvst Year Engineering Science, VeIti/.nical «vnd Elec¬ 
tric at.. By G. W Bud, Wh.lix., A.M LM«.!i K., etc. 

Fuel Oils and Their Applications \iy FT. V. Mitchell, 
E C.S., V.Inst P.Tech. Sectmd Edition Revised by Arthur 
Ground B.Sc.. A.I.C., K Inst.P. p. 

Machines Problems, Examples in-Theory of. By W. R. 
Crawford, M.Sc , Ph.D. 

Mkciianjcai Eng i n liEits; Estim/ TING tor By L. Ii. Bunnctt, 
A.M.T.P.P. ' . i . . . . 


Mechanical Engineer's Pocket Book, Whittaker’s. Third 
Edition, entirely rewritten and edited by W*. 1 E. Domrnett, 
A.F.Ae.S., A.M.l.A.E. 
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MECHANICAL ENGINEERING 


# Mechanical Engineering—contd. 

Mechanics' and Draughtsmen’s Pocket Book*. Bv W fv 
Dommett, Wh.Ex* A.M.l.A.E. . . . 

• Mechanics o£ Material®, Experimental. Bv H. Carrington, 
# M.Sc. (Tech.), D.Sc., M.Inst.Met., A M I Mech 15 

♦Mechanics fAr Engineering Students. By G. W. Bird, 
B.Sc., A.M.T.Mech.E. Second Edition .... 

Mollier Steam Tables and Diagrams, The. English Edition* 
adapted and amplified froih the Third German Edition by 
H. Moss, D.Sc., A.R.Cf S., D.I.C. . 0 . 

Mollier Steam Diagrams. Separately in envelope 

Motive PoIver Engineering. By Henry C Harris, B Sc 

Pulverizsed Fuel E'iring. By Sydney H North, M Inst I 1 ' 

Second Year Engineering Science, Mechanical By G \V 
Bird. Wh.Ex., B.Sc . A M.l Mech K#, etc 

Steam Condensing Plant By Joplin Evans, M Eng , etc. 

Steam Plant, The Care and Maintenanc e ok. By J 
Braharn, B Sc , A C.G l. 

Steam Turbine Operation. By W J Kearton, D.Kng 
M .\ Mech E , A.M Inst.N.A Second Edition 

Steam Turbine Theory and Practice Bv W. J Keaiton 
D.Eng , M l M.ft , A M Inst.N A. Third Edition 

Strength of Materials By E' V. Warnock, PhD. B Si 
(Lond ), E’.R.C Sc.I .AMI Mech E. Second Edition 

Textili? Mechanics and Heat Y NCjINKS By Arthur Bilev 
M,Sc.(Tech ), B.Sc., A M I Mech E , and lid ward punketlej 

Theory of Machines# By Louis 'loft, M.Sc.Tcch., and A. T J 
KersejP, A.RC.Sc Second Edition 

Thermodynamic's, Applied. *By William Robinson. M H 
M.lnst.C.E , Ml Mech.E. Revised* by *John M. "Dickson 
B Sc. Second Edition 

-m 

ii 
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By K 


Thermodynamics Applied jo Heat 7/nginks 

iewitt, B.Sc , /aM.l Mech*.B> Second Edition . . , 

# • 

TffERMt»/>YNAMics, I*>"^MpiAts in. By W. R Crawford, M Sc. 
Pb.D. 

• • 

Turbp-Blowers and Compressors. By W. J. Kearton 

D.Eng., M.I.M.E., A M.lnst.NWA. . 

Two-Cycle Engine,* The. • By C E. Caunter 

UNiFHbw, Back-pressure, and Steam Extraction# Engines 
• By Eng. Lieut.-Com. T. Allen, R.N.(S.R.) # M Enjg.^etc. 

Workshop Practice* Edited by €£. A. Atkins, M.l.Mech.E' 
M.I.W«E. In eiffht volumes . . ... . hack k 
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AERONAUTICAL 


An Introduction to Aeronautical Engineering. 

Vol. I. Mechanics of Flight. By A. C. fcermoclc, 

A F.R.Ae.S. Second Edition . f 
Vol.* 11. Structures By J. D. Haddon, B.Sc., A.F.R.Ae.S. 

Second Edition . . . . . 

Vol. 111. Properties and Strength of Materials. By J. D. 
t Haddon, B.Sc., A F.R.Ae.S. t ... . 

Aerobatics. By Major O. Stewart, M.C., A.F.C. . 
Aeronautics, The Handbook ok. 'Published under the 
Authority of the Council pf the Royal Aeronautical Society. 
Vol. T. Second Edition ...... 

Vol. 11. Aero-Engines, Design and Practice. By Andrew 
Swan, B Sc., A M.i C E., A F.R.Ac S. Second Edition 
♦Aeronautics, Definitions and Formulae for Students. 

By J D. Frier, A R.C Sc , D T.C. 

Aeroplanes and Engines (Airsense). By W. O Manning, 
F R Ae S Second Edition 

Air Annual of the: British Empire, 1937. Edited by 
Squadron-Leader Burge, O B.E., A R.Ac S.I., A.Inst.T. 
Volume Vlll ........ 

Aircraft Performance Testing* By S Scott Hall, M.Sc., 
D.l.C , etc , and T. 11. England, D.S.C , A.l 1 ' C , etc. . 

Atr Licences. By T. Stanhope Sprigg .... 

Air Navigation for the Private Owner By Frank A. 

Swoffer. M.B.E. Revised Edition . . .” 

Aircraft Construction Metal By M. Langley, A.M.I.N.A., 
etc. Third Edition ....... 

Airmanship. By John McDonough, A M I.Modi 1C. 

Autogiro, and How to Fly ir Py Reginald Brie Second 
Edition . . . . . . - ... 

Flying as a Career. By Major Oliver Stewarf, M.C., A.F.C. 

St-cond Edition . . . . . . . 

Ground Engineer’s Textbooks 

The Rigging, Maintenance, and Inspection of Air¬ 
craft "A’” Licence. By W J. C. Speller . 

Inspection oi Aircraft'*aktei^ Overhaul. "B” Licence. 

By S J Norton, Assoc A1 Inst C. 1C., A.F.R Ac.S Second 
' Edition . 4 . . . .‘ v 

Aero Engines. "C” Licence. By R.'F. Barlow. Second, 
Edition . . . . . 

Aeko F v ines “D” Licence. By A. N. Barrett,'A.M.I.A.E., 
A. F.R \e.S. Fourth Edition. * . 

Instruments. "X” Licence. By R. W. Sloley, M.A. 

(Camb ), B.Sc (Loud.) Second Edition 
Electrical, and Wireles* E»_ ipment of Aircraft. 
"X" Licence. By S. CL Wybrow, A.M.I.E.E., A.M.LIu.E. 
Second Edition . . . . . 

Learning to Ply. hy I*’. A. Swoffer, M.B.E. l ourth Edition 
Light Aero Engines. By C. F. Gaunter .... 
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MOTOR. ENGINEERING, ETC. I! 


Aeronautical—con td. 


•Pilot's TA ” Licei^tk Compiled by John F Looming, Itfval 
,-lero Club Observer Joy Pilot's Certificates Seventh Fdition 
Royal Air 1*orce, This#(Cakkkks and llovv 10 Join) By 1 
m Stanhope Spngg. Second Fdition . ... r 

Ask for the Complete Aeronautical List 


MOTOR ENGINEERING, ETC. 

Automobile and Aircraft F.ngtnes» By A W Judge, 
A R C S , A.M I A F. Third Fdition . 

Automobile ICm.in Li- king. lidded by II Ktir Ihomus, 
M I Meeli h . etc In seven volumes \ olumes I YL Lath 
Volume \'1I 

Garage Workers' Handbooks Edited by J K Stuart In 
seven volumes . . . m . . . . J-.cufi 

Supplement to Vol. VTI 

Tkam-k Driving TFLHNiyi f Hr Oh vex Stewart 


Pitman’s Motor-Cyclists Library .... hack 


i 
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2 G 


42 0 

7 6 
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A J S., The Book of the. By W C. Huyiralt 
Ariel, The Book of the By \V C Ilayernft 
‘B.S.A., Tiie Book of the. By l 1 ' J. Cainm 
Douglas, T*ie Book of the. By Leslie K Ue.itlicote 
New Hi ferial. Book of hie. By F. J. Lamm 
Matchless, The Book of the By W. C. Haveraft 
Norton, The Book of thf. By W. C. IJaycraft 

• Red Panitif.r, The Book of the. By W Ilay^raft 
Royal Fnfiel£>, The Book of the By li li. Rydei 
Rudge, The Book of the By L. II. Cade and F. AnsUw 
jSi’NUEAM, The Book dV the. By L. K Heathcote 
Triumph, The Book.of the. "By I*. T. Brovfn 
Villers Kngine, Book of'thk <C5y C. Grarf'e 

Motor Cycle Overhaul. By W’J C. Haycraft * 

t’iT\; ^n’s Motorist;* Library. * # 

Austin Seven? Tf#£ Book of the. By Cordon G. 

Goodwin* . . . . . , 2 G 

• Austin, The Book of THi. By Burgess Garbutt. Revised 

by E. H. Row. Third Adition . . . G 

B.S.A. TiiRiil Wheeler, The Book of the By Harold 

Talley * » . • . - - • 2 G ^ 

* Hillman Minx Handbook, The. By W. # A Gibson 

Martin . . . . •. * * • , • 2 f ^ , 

Jovvett, Tije Booh of thIc. By John SyAedwell . . 4 2 G 

M6rgan, The Book of the. By Harold jelley . , . 2 G 
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-e-1- 

Motor Engineering etc.—contd. 

Pitman’s 'Motorist?* Library— contd. 

»’ j, 

Morris Minor and The Morris Eight, The Book of 
the. liv Harold Jolley . . . .. 

Popular Ford Handbook, The. By Harold Jelley 
Rii.ey Nine, The Book of the. By D. H. Warren 
Singer J unior, 'Book of the. By G. S. Davison 
Singer Nine, The Book of tcie. By R. A. Bishop 
Standard Nine, The Book of the. By J. Speedwell 
Vauxhall (Light Six). By Hafold Jelley and F. J. 

Woodbridge, A.M.T A E. . .«• . . 

Tourists’ Handbook,‘The. By Harold Shelton, M.A. . 
Understand Your Car. By H. A. Hazoll . . 

Your Oral Driving Test: How to Pass It. By R. F. 
Towl ......... 

Your Driving Test: How to Pass It. By Oliver 
Stewart ........ 

Motorist’s Electrical Guide, The. By A. H. Avery, 

A.M.I.K E. . . .. 

Caravanning and Camping. By A. H. M Ward, M.A. . 

optics and fhotography 

Appt.ied Optics, Introduction to. By L. C. Martin, D.Sc., 
A.R.C S., D I.C. In two volumes. . 

Vol. I. General and Physiological .... 

Yol. II. Theory and Construction of Instruments . 
Camera Lenses. By A. W. Lockett ..... 

Colour Photography. By Capto O. Wheeler, F.R.P.S. 
Second Edition ........ 

Commercial Cinematography. By G. H. Sewell, F.A C.I. ( . 
Commercial Photography. By D. Charles. Second Edition . 
Complete Press Photographer, Thf,. By Bell K. Bell 
Industrial Microscopy. By Walter Garner, M Sc., F.R.M.S. 
Lens Work for'Amateurs. By JtL Orford. Fifth Edition, 
Revised by A Lockett . v 

Photographic Chemicals and Chf.mistry. By T . Sout&worth 
and T. L. J. Bentley, D.I.C., A.R.C.Sc.,'B.S c” . 

PhotoCiRAP' \ as a Business. By A. G. Willis .a 
Photography Theory and Practic'.:. By L. P. Clerc and 
G. F. Brown . 

Retouching and Finishing for Photographers. By J. S. 
Adanisoii. Third Edition . . . . «,. , 

Studio Port* vit Lighting. By H. Lambert, F.R.P.S. 

Second Edrtion *. . ... V . 

Talking^Pictures. By B. Brown, B.Sc. Second Edition 
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ELECTRICAL ENGINEERING 13 

ELECTRICAL ENGINEERING, ETC. 

, • S. d. 

Acoustical Engineering. By W. West, B.A., A.M l.E E. . 1'5 0 

Accumulator Charging, Maintenance, and Repair. By 

W. S. Ibbetson. Fiftli Edition '. . . . . t 3 0 

AlVernating .Current Bridge Methods. By B. Hague, 

D. Sc. Third Edition . . . . J . . .15 0 

Alternating Current Circuit/* By Philip Kemp, M.I.E. 1C. 

Second Edition . ... . . . . . * 2 0 

Alternating Current Machines, Pereokmance and Design 
of. By M. G Say, Ph D , M Sc , A.C G*1 , D.l.C, A.M.l E.E., 

E. R.S.E., and E. N. Pink, B.Sc., A.M J.E 1C. . . , 120 0 

Alternating Current Power Measurement. By G. E. Tagg 3 0 

Alternating Current Work. By W. Perren Maycock, 

M.I.E.K. Second Edition . . . . . .70 

Alternating Currents, The Theory and Practice ok By 

A. T. Dover, M T.E.E. Second Edition . . . .ISO 

Armature Winding, Practical 'Direct Current By L. 

Wollison, A.M.l E.E.7 0 

Automatic Street Traffic Signalling (Apparatus and 
Methods). By H. H. Harrison, M.Eng., M.l.E E., 

M [ R.S.E , and T B. Preist . . . ... 12 0 

‘ Automatic Protective Gear for A.C. Supply- Systems. By 

J. Henderson, M.C , B Sc , A.M.l E.E . . .70 

Cables, HigipVoltage. By P. Dun.sheath, O.B.E., M A , B Sc., 

M r.E.E.10 0 

Continuous Current Motors and Control Apparatus By 


W. lVrren Maycock, M.I.E.F..* . . . . ■ 7 0 

*Dei«nitions and Formulae for Studenis—Electrical. 

By P. Kemp, M.St*, M.I.K E., Assoc.A.I E.E. . . . - 6 

, *Pei<tnit#ons and Formulae for Students—Electrical Tn- s 
% stallation Work. ByF Pt^ikeSexton, A.K.C S.,A M I E E. - 0 

Direct; Current Electrical Engineering, Elements of. 

By H. F. Trewman, M.A*, and C. 1?. Condiifie, B,J?c. . 5 0 

Direct Current Electrical Engineering, Principles oi<. 


By the late James R. Barr, A.M.l.K Jl., and D. J. Bolton/ 

M Sc., M.I.E.E* Second Edition . . . . t • 12 # 6 

DiREcj; Current Ma^hin^s, Performance and Design of. 

. By A. E. Clayton, 1) Sc„ M.l E E.10 0 

Dynamo, The: Ita Theory, Design, and Manufacture By* 

Ci C. Hawkins, M.A., M.I.1#.E In three volumes. Sixth 


Edition— * •• « 

Vol. I . * . *. . • . - . 21 0 

<fol.»II ' . .... 15 0 

Vol. Ill « 30 0 

Electric and Magnetic CuIluits—Aliek&ating and 

Direct Current, The. By E. N. Pink, B.Sc., A.M.I.E.Iv 3 6 

• . • 
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Electrical Engineering, etc.- contd. 


*,> 


Elm'ikic Ciiu i ri I'll kory anu Calculations. pv W. Perron 
Maycock, M I E IC. Third Edition, Revised by Philip Kemp, 
M Sc , M.l K E , A A I IC.IC 

ICleclk'k Cldc ks, Mour-KN By Stuart E. Philpott, A M.l 1C E. 

Sei ond Edition . . . . , r . 

IClectrk Lighting and Power Distribution By W. 
I’cneu .Ma)cork, M I K E. CSiiith^ Edition, thoroughly 
.Revised l>y C H. Vcaman. In two volumes . . Each 

El rc ikic Machines, Theory and Design or. By l 1 ’. Creedy, 
M 1.1C 1C , A C.G I . ,, . 

Eli-uric Motor Control Gk\k, Industrial By W. 11. J. 

Norbmn, A M 1.1C 1C. . . . . . ... 

ICi.ec r ri(■ Moiors vnd Coniroi Systems By A. T Dover 
Klkciru 1’i.ANr, Protection ok (Modkrn Dicvki opmen is). 
By P. E Stritzl, DSi.Teih. (Vienna) .... 

Electric Traci ion. By A. T. pover, M l.IC.fC., Assoc Amer 
I 1C 1C Second Edition ....... 

Elm i rk Trolley Bus, Tiii- By*-I\. A Bishop . 

ICl.lvCTRIC WIRING, h'lITlNt.s, SWITCHES, AND LAMPS. By W 

Peiien Maycock, M.l E 1C Sixth Edition. Revised by 
Philip Kemp, M Sc.., M 1 1C 1C ’ 1 
ICi ectric Wirinc. of Bun DiNos By F C Raphael, M l. 1C K. 
Elm iric Wirinc. T miles By W Perren Maycock. M T 1C 1C., 
Seventh Edition Revised by E. C Raphael, M.l,E.1C. 

ICl.i l 'IKK Al ApPARAIUS, Till- r VL( I CATION AND DESIGN OF 
By W. Wilson, .M Sc . B 1C , M I JC 1C , M \mer 1 !C 1C.' 
Electrical Condensers. By Philip R Coursoy, B.Sc., 

F.Inst P , M.l IC.1C. 

♦Electrical Contuac ting, Orc.vnl.ai ton, and Routine By 
H. R. Taunton' ........ 

Electrical Educ aior. By Sir Ambrose Fleming, M A., D Sc., 
F' ? K.S In three volumes. Second Edition 
Electrical Engineering, Classified Examples in. By S 
Gordon Monk. M Sc (ICi.g ), P Sc . A M.l FC IC In two parts. 
*Vol. I. Direct Current. Fourth'lCdition 
*Vol It. ERNATiNG Current. Fourth Edition 
Electrical Engineering, Experimental. By E. T. A. 

TRapsoM, A C.G.J . 1) I A.M I.E E. . . 1 

ICi.icc trical Guides, Hawkins’. In ten volume* Each 

1Ci.mikjc.aj Machinery and Apparatus Manufacture. 
Edited 1 -.v Philip Kemp, M Sc., M.I.E E., Assoc. A.IEii. 1 
In sevi i volumes . . c \ . . . Each 

ICleI.tkicai Machines, Practical Testing of. Bv E. Oulton, 
A M I E IC.. and N. J Wilson, M.l E.E.' Second Edition . 
Electrical Measurements and ft. asuring Instruments. 
By 1C. W. Golding,, M.Sc.Tecli, A M.I.E.E., M.A.I.E.E 
' Second Edition .. . . . « , . 

ICllc trical Power, Transmission, and interconnection. 
By C. Dan".itt, B.Sc., and J W. Dalgleish, B.Sc. 
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Electrical Engineering, etc. contd. # 

■l d 

Electrical Technology By H Cotton, 1141.H, DSi*, 

A M I.E E. Sec.onfl Edition . . . . l'i (3 

ELECTRICAL T#E.RMS, A DICTIONARY OE Bv S K lionet, M A , 

A II.Inst C.1C., A.11 l.lc 1C, SocomflCdition . 7 0 

Electric al Transformer Tutora Bv S Gordon Monk . 5 0 

Electrical Transmission and Oisikihiiio^ HiliO-d bv 

li. O Kapp, 13 Sc. Jn eijjljt vWunu's Yols ] to VII l.tnh (> 0 

Voi. vi11 . # . 0 3 o 

Elec iRicA r » WJring and Contracting lull tod b} 11 M.irrj/tl, 

11 1 E 1C., 11 J Modi E. In seven volumes . . Pat. ii H U 

Elkcirk.i rv, Foundations or Technical Bv E Mmleii, 

D Sc., ‘M.l 1C IC , A.IITnstCE, Klnst 1\ and 1 11 

Vinycomk, M C , 11 A , E.lnst 1’.SO 

iNDl’CTION Con, Til !■ DRY AM) AlT'I. JCATIONS 15y 1C. 'I'.ivlor 

J one’s, D Si . . . . . . . . 12 H 

Jnihction Motor Pracike; Hy K 1C Hopkins 11 Sc , 

A M 1 IC.1C , etc.IS 0 

Instkcment Tr wskormi'.rs Their Tiijory, (iivraci er¬ 
istics and Tfniing By II Ma^iio, I) Si. * l.imd ), I’li 1> 

(Glas ), E.C G.I , etc .• .33 0 

Mete.r ICnc.ineerlm. By } L. herns, 11 So (lions), -\ M( I 10 0 

Photoei ectru ( ei i s Hv Norman Kobert ( .mipEoll ,11**1 

Dorotliv l\itch:«i Third ICdition . . . • 12 <3 

Pho loi.i.rc i fjic C’eli s \i*di it 'm ions Hy K C Wai ki r. H So. , 

(Bond ), and T II C Lame. Assoc 1 K.IC Second Edition 8 (l 
Power W iring Diagrams Hy A T Dover, M I IC 1C , A \nier 

I 1C lC 'I lnrd Edition ^ ....00 

Prac#ticai^ Primary t ei.i.s. Hy A .Minimicr Codd 1# h I’li Vl . 5 0 

Kailway Elj-.c-j kith* at ion By 11 h 'Trowin.m, A M 1 E E 21 0 

Railway Track-Circ ci is. Hv D C. Gall . . . • 7 (3 

Sags \nd '1 ensigns in Ove:k#ie;ai> Lines *I’v C G. Watson, 

II f 1C TC. . . . . 9 . • . - • • 7 <3 

Storage 13 at i fries- Theory, ,M.\m ;u tokk, C'ake,, and 

Application By M Aiendt, 1C 1C . . . .. 18 0 

Sw i rc iigeak Di.s^in, Hi,km anJs or Bjfl)r Inn hnt/ KossoL 
^ Dior Translated Jjv S. J< Mollomo, A M I In. 1C , and J »S. * 

Solomon, B So. , *A»M I E 1C. . . . .70 

Switchgear, Occdoor High Voltage: By 1< W Todd* 

\ M l.TC 1C., Assoc.A 7 IC 1C..find \Y II Thompson, A 11 I 1C IC 0 f 

Train-lighting, Electric. I3j*C. Coppock ... ti 

Transformers for Sint, f.i. and All j.tipha^e Cvhhums .By 

Sw - C<»sbert l\aj)pT M Inst.C.E , *M I E E. T lijrd® Edda/T), % 

Kevisecl by K. O. Kapp, B So . L . ^ IS 0 , 

Worked ICxample.s^or Wj reman and S*ii'dj NTs. 13v Jl. • » * 
Kecs 4 Grad.l li.E. . ’ . * . . . . . . 3 (5 • 
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Aut^mat^c Branch Exchanges, Private. By R. T. v A. 

Dennison . . . . . , * . .'.50 

Automatic Telephony, Relays in. By R. W. Palmer, 

A.M, f I.E.E. . . . . .' . . . 10 6 

Cable and Wireless Communications of the Wori d, The. 

By E. J. Brown, C:B , C.B.E., M.A., B.Sc. (Lond.). "Second 
Edition . . . . ■ . . . . .76 

•Definitions and Formulae for Students—Radio En¬ 
gineering. By A. T. Starr, M.A., PL D. . . . - 6 

•Definitions and Formulae for Students—Telegraphy 

and Telephony. By Dr.’ E. Mallett, M.I.E.E. . - 6 

Radio Communication, Modern. By J. Reyner. In two 
volumes — 

Vol. 1. Sixth Edition . . . . . .50 

Vol. II. Second Edition . . . . . .76 

Radio Engineering, Problems in. By E. T. A. Rapson, 

A.C.G.l , D.I.C., A.M T.K.E. Second Edition . . .36 

Radio Receiver Servicing and Maintenance. By E. J. G. 

Lewis . . . . . . . . . .76 

Radio Upkeep and Repairs for Amateurs. By Alfred Witts, 

A.M.I.E.E. Second Edition . . . . .50 

Submarine Telegraphy. By Ing Ilalo de Giuli. Translated 

by J. J McKuhan, O.B E., A.M I.E E.18 0 

Superheterodyne Receiver, The. By Alfred* T. Witts, 

A.M I.E.1C. Second Edition . . . . .. .36 

Telegraphy. By T. E. Herbert, M.I.IC.IC. Fifth Edition . 20 0 

Telephone Handbook and Guide to the Telephonic 
Exchange, Practical. By Joseph Poole, A.M l.E E. 

(Wh.Sc.) Seventh Edition ' . . . . . 1,8 0 

Telephone Transmission Theory, Outline Foxes in. xiy 

W. T. Palmer, B.Sc., Wh.Ex., A.M.I.E.E. . . 4 0 

Telethony. By T. E. Herbert, M.T.K.E , and W, S. Procter, 

A.M.I.E E. In two volumes. Second'Edition. 

Vol. I. Manc al Switching-Systems anli Line Plant . 20 0 

Vol. II. Automatic Telephones. (/« the 1’ress) 

Telephony, The Call Indicator System in Automatic. By 

A. G. Freestone, of the London . . , . .60 

TeiIicvisicVn, Popular. By H. J. Barton Chappie . . 2 ,J§ 

Television, Technical Terms and £>efi..itions. By 

E. G. J ewds . . . “. . . .50 

Television Co-day and To-morrow, By Sydney A. Moseley 

and H. j Barton Chappie, Wh.Sc. B.Sc. Fourth Edition . 7 6 

Thermionic Valvp;s in Modern, Radio Receivers. By 

Alfred T. Witts, A.M.I.E.E. . . . . . 8 6 

Wireless, A Fii^st Course in. By "Decibel." . . 4 0 

Wireless M/»nu\l, The, By Capt. J. Frost, I.A. (Ketired). 

Revised by H. V. Gibbons. Third Edition * . . .50 

Wireless Terms Explained. By “ Decibel.” . * 2 6 
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MATHEMATICS AND CALCULATIONS 
'FOR ENGINEERS 

• • * 9. d. 

Alternating Currents, Arithmetic ok. By E H Crapper, 

^ D.Sc., M.l*E.E . • . . ..4 6 

Calculus for Engineers and Students oi- Scienc k By John* 

Stoney, B.Sc*, A Mil \fin.E., M.R San I Sei^ond Edition . 6 0 

♦Definitions and Formulae «for Siudknis Brachial 

Mathematics. By L. Toft? M Sc. Second Edition , . p - 6 

Eli?c:tricai, I^nginkering, TYmit taker's Aritiimetic o/. 

Fourth Edition, Revised bv A. T. Stan, M A, I, 

A.M.T R.E. . . . . . .66 

Exponential and Hyperbolic; Functions. By \ II Bell, 

BSc. . *.3 6 

♦Geometry, Building By Richard Greenhalgh, A I Stunt E. 4 6 

Geometry, Contour. By A II Jameson, M.Sc., M.Inst C E. 7 6 

Geometry, Exercises in Buii ding Jiy Wilficd Che w . 1 6 

♦Geometiia , I est Papers in Iiv \Y E Paterson, M A., B Sc. 2 0 

- 0 

Points Essential to Answeis, Is In one book . . .6 0 

Graphic Statics, Elementary. EyJ.T Wight, A M I Midi E 5 0 

* Graphs ok Standard Mathematical Eunciions By If V. 

Eojvry, M.A. ........ 

Logarithms for Beginners By C. Is Pickworth, Wli Si* 

Eighth Edition * . „ 

Eogakitiims, Hive Fk.uki-, and Trk.dxomeikk ai. F’unc noNs 
By \Y E. Dommett. A M 1 A.1C . and II C lfird. A 1- Ve.S 
(Reprinted from Mathematical Tables) .... 
♦Logarithms Simplimed. By Efnest Card, B.Sc , and C. 
l^irkin#on, AC P. t Second Edition . . . * 

t ♦Matiieaayth s and jJrawing, Practical. By Dalton Grange 
* *\Yith Answers . - » • • •• 

Mathematics, Building, First Y^ar. »Iiy R Smith, 

M.R.S T. * . . . • • 

0 | m _ » 

Mathematics, Elementary Practical Book T rirst Yeai. 

Bv E \V. Gosling, M.S».,“Tech.. j'/M 1.1C 1C., and II G 
m Gn'en, M.i'*. ». . . . . • . 

Mathematics, ElEm*.n tajiv Practical. Book IT Second 
Year. By E. \V. Golding and H G Green . - -• 

Mathematics, Elementary Vkactical Book III. Third 
Year. By E. \V. Golding ami II. G. Green 
Mathematics. Engineering, Application 4 ok. By \Y ,G. 

Dfckloy, M Sc. .* 1 ■ • 

Mathematics, Experimental By G. R. Vfyie, B Sc^— 

♦Book I, with Answers , « • * 

♦Book II, witli*Answers 
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Mathematics for Engineers—contd. 

5 . d. 

' Engineers, Preliminary. By W., S. 

Ibbetson, 13.Sc., A.M.T.K.E., M.l.Mar.E.3 6 

Mathematics for Technical Si udknts. By»G. E. Hall* B.Sc. 5 O' 

Mathematics, Practical. By Louis Toft, M.Sc. (Tech.), and * 

A. D. D. McKay, 31.A.- . . 12 6 

♦Mathematics, Indusikial (Preiiminaky). By G. W. String- 

fellc* v . . . . . .* . . .20 

♦WitfiN Answers . . . ‘ . . '-.,.26 

Mechanical Tables. By J.i Foden . . . . .20 

Metalworker's Practical Calculator, The. ByJ.Matheson 2 0 

♦Metric Lengths to Feet and Inches, Table for the Con¬ 
version of. Compiled by lied vers Elder . . .10 

♦Mining Mathematics (Preliminary). By George W. String- 

fellow ..........16 

i 

♦With Answers . . . . . . . .20 

Nomogram, The. By A. J. AMcock, B.Sc, A.M.I.E.E., 

A.M I Meeh.E., and J. R. Jones, M A., F.G.S. . . . 10 6 

Reinforced Concrete Members Simplified Methods of 
Calculating. By W. N. Twelvetrees, M.I.M.E. Second 


Edition, Revised and Enlarged . . . . .,50 

Slide Rule, The. By C. N. Pickworth, Wh.Sc. Seventeenth 

»-»!•«• « l • « * A rt 


Kdition, Revised . . . . . . . .36 

Slide Rule: Its Operations; and Digit Rules, The. By 

A. Lovat Higgins, A.M. Inst. C.K. . . . . . — 6 

Steel's Tables. Compiled by Joseph Steel . . . ; 3 6 

Telegraph* and Telephony, Arithmetic of. By T. K. r 
Herbert, M I.E E., and R. G. do Wardt *, . . 5 0 


Trigonometry for Engineers, A Primer of. By W. G. 

Dunkley, B.Sc. (Hons.) . . . . . .50 

Ventilation, Pumping, aiyd Haulage, Mathematics of. By ‘ 

F. Birks . . . . , . . . . . . 5 0 

♦Workshop Arithmetic, Fii^st Steps in. By H. P Green . 1 0 

C * ' 1 * * 

miscellaneous technical hOOKS " 

Boot and Manufacture. By J^rank Plucknett . . 33 0 

Bowls: How to Improve Your Game. By H. P. Webber 

and J.,W. Fisher . .. . . < ■. I . . 16 

Bowt.s, i he Modern Technique of. By H. P*. Webber iy\d* ^ 

Dr. J. W. Fisher . f .7 6 

'Brewing * and Malting. By, J. .Ross JVIaclionzie, F.C.S., 

F.-R.M.S. Third Edition . . . .' . .10 6 
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Miscellaneous Technical Books contd. 


Builder's Business Management. Uy J. >> Bennett*. * 
A. 1.0.13. . . . . . . .)0 

> Cellulose Laccjuers. S. Smith, 13 F , Ph D. .7 

Cojt Accounts in Rubber and Plastic Tkxdi-s. By T W\* 
Fazakcrlev 

' ■ » 

Electrical Housecraft Hy K,W. Kennedy 

Engineering Economics Ify T. H. Burnham, IP>l Horn- y 
(T.ond.), B.Com (Lorn#.), E.I LA., A.M I Mcch.lv, 
M.I.MarOE. In two volumes - yr 

Book I Elements of Industrial OrgiAuzatum and Manage- 
merit ....... 

Book If. . Works Organization and Management 
Engineering Inquiries, Data for. By J C Connau, B Sc , 

A.M 1 E.E , O B E 

Faraday, Mktiaei , and Some of His Contemporaries liy 
William Cramp, l) Sc , M 1 JO E *. 

Glue and Gelatine. By P I. Snjilh .... 

Hairdressing, The Art and Craft of. Edited by G A l oan. 

Second Edition edited by J. Bari-Woollss 
Hiker and Camber, The Complice. By C. E. Carr 
Hous'f Decorating, Practical. By Milhcent Vince ^ . 

Motor Boating. By E. H. SnoxeJI ....*. 

Paper Testing anT> Chemistry for Printers By G. A. 
Jahans, B.A. ........ 

Petroleum. By Albert ladgett. Third Edition 
Plan Drawing for the Police.. By James D. Cope, P A.S I. 
pRFtpous and Semi-precious Stones. By M. Weinstein 
Second* Edition , . . . . . * 

Printing. By II. A \laddox Second Edition 
Printing, The Art and Practice of. t JOdited by Win. 

Atkins. In six volumes . . . 4 . . . Eat h 

Refractories for. Eukn/ves, Crucibles, etc. py \. B 
Searle . . . * * . • . . § 

Re , ’rigfkation, MiciiANicjy— By Hal Williams, M.I.Mcch.lC.*, 
iVi 1 10.10., y.l Struct.E. Ecftirth Edition . . . . • 

^tiENe'p, The Marc # h of A First / hnnqiiennial Review, 

1931 -1935. By VanoiuMuthors. Issued under the authority^ 
the Counul*of the British Association for the Advance* 
ment of Science . * . 

Shoe Repairer’s .Handbooks* By 1 D. I^uience-Lord In 
seven volumes # . . * . , . . Each 

TbaIiiin(» Methods Kir TkchnicaY. Teachers, Vy J. ft" 
Currie, M A , B.Sc , A.M.I.Moch.E . . • 

With the Watchm,m*er t \r the»Bi<:nvh. By Donald de Carle, 
F.B.fi.I. Second liclition ...... 
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* PITMAN’S TECHNICAL PRIMERS 

, 5 . d. 

Kacft in foolscap Nvo, cloth, about 120 pp , illustrated . * 2 6 

'I he Tribunal Primer Senes is intended to enable the 
leader to obtain an introduction to whatever technical 
Mil/jei t he desires. 

Abrasive Mui'.rialsi lly A. B Searle 

A.C. I 'ko i F-( tivk Systi- ms and Gkai?.s. By J Henderson, B Se., 

M.(f\ and C \V. M.ushall, B Sc , M l.hi.F. Second Kdition. 

s « 

Belts HX; I’owkr Tr\nsmission. By \V. (,i Dunkley, P Sc. 

fi'.MHAr Stations, Mudeivn. By C. W. Marshall, B Sc., 

M I hi hi Second Fdition. 

Con i im'oi s Current \kmature Winding. By J 1 '. M. Denton, 

A.C G 1 , A.Amer l hi hi. 


Con i in irons ('iirhi-.nt M aciiinps, Tun Testing ok. By Charles 
F. Smith, 1) Se , M.l.hi hi., A M i C K. 

Dienki Fngtne, Tun. By A Orton, A.M.T.Mech.hi. 

Drop Forging and Drop Stamp Ac;. By 11 Hayes 
Flkctric Cables By F. \V Main, A. M.l.hi F. Second Kdition 
Flectkic h CRN \c ic. The. By Frank J. Mollett, B \ , M I hi.hi. 

Flectuicai. Transmission ok Knurov Bv W M Thornton, 
O.B i. . 1) Sc , M J.hi hi 

hil.Kt TKTi'iTY IN AdRim Turk. By A. H. AlFn, .\i T.F hi 
lii.MTRK ii'v in Sieei. Works By Wm McFarlanc, B St' 
hii.K.c truncation ok Railways By H. F. Trew man, M A 
lir m i ro Dkposiiion ok Copper, T.mk By C W. Denny 
Foundry work fly Ben Shaw and James hid gar , 

Grinding Machines and Tiieik Cses By Tnos R Slnwv. 
Industrial and Pmvi'.R \lcohol. By R C. Farmer, O B h , 
I) Se , Ph D.. F.i.C. 

l.NDUsiKiAi Nitrogen. By B. Id. S Ken.pton, B Sc (Hons). 
Kinemaioc.k \ imi ’Si i mo Tec iinku’k By L C Macboan 

n ^ 

Tun RICA nts and Li hricaticn By J, K Hyde f 

MECHANICAL HANDLING OF GOODS, Tllli. IJy (.41. Woad field. 

* ■* 

Mechanical Storing. By D. Brownlie, B.Sc., A.M.l M.hi 
(Doable Hume, price 5s. net.) 

Metalluk* \ ok Iron and Steel. 'Based on Notes by Sir 
Robert lladfield. * 

I’attk.rjcmaktnc.. By Ben Sha\v t .and tames FtU?ar. 


Photographic Techniq je 
Second hiditibr. 


By L. J. Hibbert, F K.P.S. 


|- i * w '*'*" w * ‘ . r Ci, 

Pneumatic Conveying. By hi. G. Phillips', M.I hi.F. 



COMMON. COMMODITIES SERIES 


21 


Pitman’s # Technical Primers—contd. • 

m s. (f 

Power Factor Correction. By A. E. Cl.iylon, B.Sc. (Eng.). C (j 
Second Edition. 

RaDIOACTIVI’A' AND J^ADIOAC TIVE. Sl’DSTANCliS. liy J 
^Chadwick, M.Sc . Ph L). Fourth Edition » 

Railway Signw.lino : Al'tomajk My 1 : R.ivnar WiKon. 

Sewers \.\t> Sewer m;k Hy 11 l.illicit Wh\*att, MICE., 

F R San T. Thiul Edition. a * 

Sparking Pli'ijS By A P Nailing .nit! I! Wairen 
Sti^am LorpMtti ivf., 'I'm-: Hy E L A From 
SlliA.M LtiLOMOI IV), CoNSTKl’l I ION \N D M \I \ I EN ANC E I 
E. Ahron-., M.I Mcch E , M l Eoco 1C 
SlKEI'.TS, I4‘1\DS, AND I’UMIEM-I I ly 11 Gilbert Wlu.ltt, 

M hist CT'. . !• R San I 'I liml Edition 
S\VIT( IllilAR, I1 k.1I Tl.NSHiN Hy I IcillA i' Poole, B Sc (Hons ) 

Swire hint, ami Su i u in.i \u I j \ JleiM\ 1- Poole, P» St (HonM 
l iiLi-'i’iioN!■ s, Ai inMAi it Bv F'. A ElNon, liy . A M 1 I E 
(Boullie \oluine, pn<_e 5s ) 

Tidal Powj \< By A M A Shiil^n. O i> K . A M In^t t E 
Tool and M.m ihne Si ming Bv Philip Gate-. 

Transkormiks AM) Ai II RNUlM. I'| kki M Mmiiims, I hi: 

Testing or By Charles F Sn^lh, l).Se , \ M lie-t C E 
Transformers, llir.n \<>i_iage I’owir Bv Win 'J'. 'lavloi, 
M.lnst.C 1C., M I E E • ' . 

'Iranm'ormI'Rs, Suyll Singi f-I’ii \si liy Edgar T I’union, 

B Sc Eng^ (11 on^ «ft>nd , A M I I ' 1C 
\Vatlr Pim f.r F.num i.rixi. B\ F F'. F'ergusaon, CIC, 

F' G S , F‘ R G S Thud Edition 
\VlRMI,ss '1 lil.LC.R\PIIY, CtlNlIM’OlS \\ AVi.. By B. 1C. G 
Miflcll, A M I 1C E ' 

X-R^ss, iMirsiiau Xpplicai ion of. By P H S^Kcmpton, 

B St Jllon ), A.K^.Se. 

• * 

. COMMON COMMODITIES AND 
INDUSTR|E§ SERIES^ 

1 rich book i^ crown 8\ o, clo^h# with ma^iy illustrations, etc • 3 I 

A si i sros. B\^ A. ^.cgnurd Summers t • • 

RookjjImhvg 1‘uAn’t an if* Industry, Tiik By T. Harrison. 

Second Editioik • 

r • 

Bodks: Eko.\j i up MS to i ue^Jookslllkk By J. E. Yming 
Second FCchtion. • • 

Boot and Shoe Industry, Tin-. «By J S^-Iar«lmg, FM3.Jp.I. 

lCdition *• *» m 

Hrvshmakkr, '1 n k By Wm. lviddier. t * 

Carpi: is. liy Kegi fJnntoy. Sacond EditjonT^ 

Clocks knd Washes. By G. L. Overton. 
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CloIiis and tiik doTH Trade. By J. A. Hunger. « 

Clothing Industry, The. By B. W. Poole. 

Coal. ,Jts Origin, Method of Working and Reparation for the 
Market. By Francis H. Wilson, M.Inst.M E. Second 
Edition. 

Coal Tar. By A. R. Warncs, F.I.G., A.Inst.P., etc. Second 
EdFion. ' 

Cokfek\ From the Grower to Consurfter. By B. B. ,Keable. 

Revised by C. J. Parham Third Edition.* 

Concrete and Retm-okc kd , "'i)nckf.tb By W. Noble Twelve- 
trees, M.I.M.E., M Soc (Mi. (France). 

('oki)A(iK and Cordage Hemp and Fibres. By T. Woodhouse 
and J*. lvilgour 

Cotton Spinning. By A. S. Wade. 

Engraving. By T. W. Lascelles. 

I Explosives, Modern. By S. 1. Levy, B.A., B.Sc., F.I.C. 

Furs and the Fur Trade. By J, C Sachs. Third Edition. 
Glass and Glass Manukaciuke. By P. Marson. Third 
Edition. Revised by L. M. Angus-Bntterworth, l*‘.R G.S., 
E.Z.S., etc. a 

Gums and Resins. Their Occurrence, Properties, and Uses. 

By Ernest J Parry, B Sc., F.I.C , F.C.S. 

Jute Industry, The. By T. Woodhouse and P. Kilgour. 
I.inev. From the Field to the Finished Prodv.fl. ,v By Alfred S. 
Moore. 

I .ocks and Lock Making. By F. |. Butter. Second Edition. 
Meat Industry, The. By Walter Wood. 

Paper. Its History, Sources, and ’’roduction By Harry A. 

Maddox,’ Silve* Medallist I'apcrmakmg. Fifth Edition. 
Photography. By William Gamble, F.R.P.S. , 

Pottery. By C J. Nokc and H. J. Plant. 

Rice. By C. E. Douglas, M.I.Mech.E. 

Rubber. Production and Utijpation of the Raw Product. 
By H. P. Ste"ens, M.A., Ph.D., F.I.C.J and W. H. Stevens, 
A K C.Sc.* F.hC. Fourth Edition 
Silk, its Production and Manufacture. By Luther Hooper. 
Scx,p. It,s Composition, Manufacture, and Properties. By 
William II. Simmons, B.S''. (Lond.), F.4.C., F.C.S. ’'Fourth 
Edition. 

Sponges. Bv E. J. J. Crcsswell. Second Edition. 

Stones and Quarktf.s. By J. Alle-a Howe, O.B.E.,- B.Sc., 
M.Inst. Min and Met 

Sugar. Cane and Beet. By the laL? Geo. Martineau, C.B., and 
Rv... ,ed by F. C Eastick, MT, Si.xth Edit:ah. , 

Sulphur and tiurSuLPHUK Industry. By Harold A. Auden, 
M.Sc D. St. F.C.S. . «. 

Tea.- 'From Grower to Consumer. ’ By A."Ii.betson. Second 
Edit" on. 
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Textile Beaching. % By Alex. B. Steven. B.Sc. (J.Sml.), F.I.C 9 0 
Timber. From the Forest to Its Use in Commerce. By \V. 

1 Bullock, "rtiird Edition. • 

Tir* and The Tin Industry. By A. 11. Mundey. Second * 
Edition. • • 

Tobacco. From Grower to Smoke*. By A. E. Tanner. Fourth 
Revised Edition by E. R. l^irweather. 

WiijfviNG. £5y W. I’. Crankshaw. Second Edition. 

Wool. From the Raw Material to the banished Product, niy 
S. Kershaw, F.T.l. Third Edition. 

Worsted IXjiuktry. Tiie. By J. Duinvillc and S. Kershaw. 

Third Edition. 
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